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SYSTEMS AND PROCESSES FOS PROVIDING 
HWROGEN TV FUEL CELLS 

CROSS REFERENCE TO RELATED APPLICATIONS 
5 This applicatioD claims the benefit of Canadian Patent Application No. 2,324,699, filed 

October 27, 2000, and Canadian Patent Application No. 2,324,702, filed October 27, 2000, the 

disclosures of which are incorporated herein by reference. 

FIELD DF THEDISCIOSVME 
10 The present disclosure relates to a fuel cell-based electrical s^^eration system that enhances 

the efGciency and durability of Uie iiiel cell. 

BACKGROUND 

Fuel cells provide an enviromnaitally #iendly source of electrical currat One form of luel 

15 cell used for generating electrical power, particularly for vehicle propulsion and for smaller scale 
stationary power generation, includes an anode channel for receiving a flow of hydrogen-gas, a 
cathode channel for receiving a flow of oxygen :gas, and a polymer electrolyte membrane (PEM) 
which separates tfie aiK>de channel from^he ^Aode channel. Oxygen §as whidi -entCTs the cathode, 
reacts with hydrogen ions, which cross the electrolyte to geno^ a flow of electrons. 

20 Environmentally safe water vapor is produced «s a byproduct 

External production, purification, di^>ensing and storage of hydrogen <«i^cr as cDmpressed 
gas or myogenic liquid) requires costly infi-astructure, whOe storing of hydrogen fiiel on vehicles 
presents ^nsiderable techm'cal and economic bmiers. Accordingly, for stationary power generation, 
it is preferred to generate hydrogen fi^m natural-gas by steam reforming or partial oxidation followed 

25 by water gas shift reaction. For fuel cell vehicles using a liquid fuel, it is preferred to^^imte 

hydrogen fi-om methanol by steam reforming or from gasoline by partial oxidation or autotbmul 
reformirigj-again followed by water gas shift reaction. IIs7*cvc/, the resisting 4>ydrogen^ntaiiis '^'"^ 
contaminants, such as carbon monoxide and carbon dioxide impurities, that cannot be tolerated 
respectively by the PEM fuel cell catalytic electrodes in more than trace levels. 

30 Iht conventional me&od of remo%iDg residual carbon monoxide from the hydrogen feed to 

PEM fuel cells has been catalytic selective oxidation, which compromises efficiency es both the 
carbon monoxide and a fraction of the hydrogen are consumed by low temperature oxidation, without 
any recovery of &e heat of combustion. Palladium diffusion membranes can be used for hydrogen 
purification, but have the disadvantages of delivering purified hydrogen at low pressure, and also the 

35 use of rare and costly materials. 

Pressure swing adsorption s>'stems <PSA) have tiie attrac^ve features of being able to 
provide continuous sources of oxygen and hydrogen gas, witiiout significant contaminant levels. PSA 
systems and vacuum pressure swing adsoiption systems (VPSA) separate gas fiactions from a gas 
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mixture by coordinating pressure cycling and flow reversals over an adsoiber or adsoibent bed, which 
preferentially adsoibs a more readily adsorbed gas component relative to a less readily adsorbed^ 
component of the mixture. The total pressure of the^ mixture in iht adsorber is elevated while the 
gas mixture is flowing through itt adsorber from a first end to a second end tfa^^^ and is reduced 
5 while the gas mixture is flowing through flie adsorbent from the second end back to ^e first end. As 

" the PSA cycle is repeated, the less readily adsorbed component is concentrated adjacent the second 
end of the adsorber, >^iiile the more readily adsorbed component is concoitrated adjacent ^ fiist end 
of the adsorber. As a result, a "light** product (a gas fraction depleted in the more readily adsorbed 
component and enriched in the less readily adsorbed component) is delivered from the second «nd of 

1 0 the adsorber, and a "heavy" product j(a gas fraction enriched in the more strongly adsorbed 
component) is exhausted from tiie first end of the adsorber. 

Numerous copper-based, CO-selective adsorb«»ts have been disclosed by Rabc ct al (U.S. 
Patent No. 4,01 9,879), HSrai (U.S. Patent No. 4,587,1 14), N^shida «i al. (U.S. Patent No. 4,743,276), 
Tajima et al. (U.S. Patent No. 4,783,433), Tsuji et al. (U.S. Patent No. 4,914,076), Xie et al. (U.S. 

15 Patent No. 4,917,71 1), Golden ct al. (U.S. FzUsaX Nos. 5,126,310; 5,258,371; and 5,531,809), and 
Hable et al. (U.S. Patent No. 6,060,032). Use of some sucb<X)-selective adsorbents in pressure 
swing adsorption processes for removal or concentration of 00 has been comm^ally established at 
industrial scale. 

Using certain adsorbents for removing CO from reformate for PEM fiiel cells has been 

20 investigated by researchers at the Argonnc National Laboratory, as r^orted in Ae 1998 annual rqx3rt 
of Ae Fuel Cells for Transportation Program of the U.S. Department of Energy, Office of Advanced 
Transportation Technologies. Bellows (U.S. Patent No. 5,604,047) discloses using selected noble 
metals, and the carbides and nitrides of c^in metals, as caibon monoxide adsorbents in a steam 
displacement purge cycle for removing CO from reformate feed to fuel cells. 

25 However, the conventional systCT for implementing pressure suing adsorption or vacuum 

pressure swing adsorption uses two or more stationary adsorbers in parallel, witib directiona] valving 
at each end of each adsorber to connect the adsorbers in ahemating sequence to pressure sources and 
sinks. This system is cumbersome and expensive to implement due to die large size of the adsorbers 
and the complexity of the valving required. Further, the conventional PSA s^'stem use of applied 

30 energy ineffidently because of irreversible gas expansion steps as adsorbers are cyclically pressurized 
and depressurized within ihc PSA process. Conventional PSA sj'Stems could not be applied to fuel 
cell power plants for vehicles, as such PSA systems are far too bulky and heavy because of their low 
cycle frequency end consequently large adsorbent inventory. 

Ano&er problem is the need for air compression wift a substantial mechanical parasitic load 

35 to achieve high power density and high voltage e£Eiciency with PEM fiiel cells, eifter in the absence 
of PSA in prior art fuel cell s>'stems, or to a lesser extent with tiie use of PSA to increase oxygen 
concentration. If, as usual by tiie case, mechanical power is provided by an electric motor powered by 
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the fuel cell, significant efficiency losses occur in electrical power conversion and conditioning for 
variable speed «)nq»ressor drive, and the fuel cefl stack must be substantially la^er to support this 
parasitic load as well as Ae appb'cation load to whidi useful power is ddivered. In prior art PEMIiiel 
cell power plants for automotive and otfjer transportation applications, ^proximately 20% of Ac 
5 gross power output of the fuel ceQ is diverted to the parasitic load of air compression. 

Yet anodiei problem arises in Ae need to provide heat^or endothennic foel processing 
reactions to genwate low purity reformate hydrogen from hydrocarbon fuels^e^ natural gas, ^gasoline 
or diescl fiicl) or oxygenate fuels <c.g. methanol, ethanol or dimethyl etiier). In the prior art, the 
necessary heat for steam reforming of natural^as or methanol is provided least in part byburaing 

10 hydrogen provided as anode tail gas from the fuel^U. Especially in Ae case of medianol r^fwrning, 
whidi can be perfonned at relatively low temperature, combustion of valuable hydrogen to generate 
such low grade heat is extremely detrimental to overall ^ergetic efHciency. 

Likewise, the necessary heat for processing heavier fuels, such as gasoline, is achieved by 
-combusting a portion of ttte fuel in a partial oxidation or autothermal r^orming process. Again, a 

1 5 portion of the high-grade fuel is consumed to upgrade the rmainder of Aat fuel to low purity 
hydrogen than can be purified for use in the fiiel cell. With a low temperature luel^ll, tbennal 
efficiency of prior art fuel processing systms hasbeoi extremely low,'as^iig}i grade fuel is 
consumed. No opportum'ty has been found for efficient Aennal integration between a high 
temperature fuel processor and a fow temperature fuel cell in transport applications. 

20 Combined cycle power plants with a gas turbine cycle integrated with a iuel cell system^iave 

been disclosed. Fuel ceil auxiliary power units have been proposed for automobiles ^nd passenger 
railcars with internal combustion «igines as primary power plants. PCT Patent Application 
Publication No. WO 00/16425 provides examples of how PSA units may be integrated wiA^as 
turbine power plants, or with fuel cell power plants having a ^as turbine auxiliary -oigine. 

25 

The disclosed -fuel-cell-based electrical ^neration systems and processes address the 
deficiencies of the prior art &el cell electrical generation systems. This is particulariy true for 
purification of reformate hydrogen, energy-efficient PSA oxygen michmrat, heat reooveiy from the fiid 

30 cell stack and/or from combustion of hydrogen PSA tail gas, and thermal powering of air compression 
for the oxygen PSA and of any PSA vacuum pumping so as to minimize the size of the costly fuel cell 
stack while maximizing overall energetic efficiency of energy conversion from Ae raw fuel. 

In general, the disclosed electrical current generating s>'stems comprise a fuel cell, an oxygen 
gas delivery s>'stem, and a hydrogen gas delivery system. The fuel cell can include an anode channel 

35 having an anode gais inlet for receiving a supply of hydrogen gas, a cathode channel having a cathode 
gas inlet and a ca^ode gas outlet, and an electrolyte in communication with fte anode and cathode 
channel for facilitating ion transport between the anode and cadiode chani>el. The oxygen gas 
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delivery system is coupled to tiie cathode gas inlet and delivers air or oxygen <e.g. oxygen enridied 
air) to ihe ca&ode channel. 

The ox^'gen gas delivery s^'stem may simply be an air blower. However, in obtain 
embodiments it may incoiporate an oxygen pressure swing adsorption s^'stem. For example, a rotary 

5 PSA system can be used comprising a rotary module having a stator and a rotor rotatable relative to 
the stator, for enriching oxygen -gas from air. The rotor includes a number of flow paths for receiving 
adsorbent material therein for preferentially adsorbing a first^^mponent in response to increasing 
pressure in the flow paths relative to a second gas component The pressure swing adsorption system 
also may include compression machinery coupled to &e rotary module for ^cilitating gas flow 

10 through the flow paths for separating the first :gas compon«it from the second gas component 
Described embodiments of ^ PSA system include a stator having a first stator valve surface, a 
second stator valve surface, and plurality of fonction compartments opening into the stator valve 
sur&ces. The function compartments include a gas feed compartment, a light reflux exit compartment 
and a light reflux return conqiartment 

15 In one variation, tiie conq>ression machinery comprises a compressor for delivering 

pressurized air to the^gas feed compartment, and a light reflux expander positioned between and 
fluidly coupled to the light reflux «xit compartment and ^ light reflux return compartmoit A^gas 
recirculating compressor is coupled to iht light reflux expander for supplying oxygen -gas, exhausted 
from the cathode gas outlet, under pressure to the cathode gas inlet As a result, enei^ recovered 

20 from Hic pressure swing adsorption systemcan be applied to boost the pressure of oxygen -gas 
delivered to the cathode gas inlet 

The oxygen gas delivery s>'stem is coupled to the cathode ^as inlet and ddivers oxygen^gas 
to the cathode channel. The hydrogen ^as delivery s>'stem supplies purified hydrogen ^gas to the 
anode gas inlet, and may recirculate hydrc^oi ^gas from the anode gas exit back to anode^gas inlet 

25 ^ith increased purity so as to avoid accumulation of impurities in the anode chamiel. 

In one'^^iant of 'die above-described embodiments, the oxygen gas separation s>'Stem 
comprises an oxygen pressure swing adsorption s>'stcm, the hydrogen gas separation system 
comprises a reactor for producing a first hydrogen gas feed from hydrocarbon fiiel, end a hydrogen 
pressure swing adsorption system is coupled to the reactor for purifying hydrogen gas received from 

30 the first hydrogen gas feed. Hydrogen gas fiom Ae anode exit may be recirculated to the hydrogen 
pressure swing adsorption system as a second hydrogen ^as^eed. Both pressure swing adsorption 
systems may include a rotary module having a stator and a rotor rotatable relative to the stator. The 
rotor includes a number of flow paths for receiving adsorbent material therein for preferentially 
adsorbing a first gas component in response to increasing pressure in the flow paths relative to a 

35 second gas component The function compartments include a gas feed compartment and a heavy 
product compartment 

The feed gas to Ae hydrogen PSA s>'stem is refoimate ^ or syngas, generated in alternative 



wo 02/35623 



PCT/CAOl/01523 



5 

fuel processing methods known to Ae art by steam refonning (e.^ of methanol or natural gas or ligjbl 
hydrocarbons), or by autotherroal refonning or partial oxidation CTOX")<^- of natural gas, gasoline 
or diesel fuel). The CO content of methanol refonnate (geomted by relatively low tmperatiffe steam 
reforming of methanol) is typically about 1% or somewhat less. Other fuel processm<e.g. steam 

5 methane reformers, and POX or auto&ermal reformers operating on any feedstodc) operate at a mudi 
higher temperature, and preferably include a lower trariperature water gas shift reactor st^e to reduce 
to €0 content to about 1 % or less. 

The reformate gas contains hydrogen plus the basic impurity components of CO2, CO and 
water vapor. If generated by air-blown POX or autothCTmal reforming, the reformate gas will also 

1 0 contain a large inert fraction of nitrogra and argon. The fraction of inert atmospheric ^ases can be 
greatly reduced if an oxyg^ PSA system is used to supply the POX or autotheimal refonner, either 
directly from Ae PSA, or as humid and still oxygen enriched «ir &at has been passed throu^ the'luel 
cell cathode channel, which was directly fed oxygra-enriched air from the PSA. 

In one variation, the oxygen pressure swing adsorption system includes a compressor 

IS coupled to the gas feed compartment for deliv^ing pressurized air to tbe gas^^ conq}artment, and a 
vactmm pump cotqiled to Ae compressor for •extracting nitrogen product^as from Ae heavy product 
compartment The hydrogen reactor comprises a steam reformer, including a bivner,*for producing 
syngas, and a water gas shifr reactor xx)upled to the steam refonner for converting some CO to 
hydrogen. The hydrogra pressi^e swing adsoiption s^'stem includes a vacuum pump for delivering 

20 fuel gas from the heavy product compartment to tiie burner. The fuel gas is burned in the burner, and 
the heat generated therefrom is used to supply the endothermic heat of reaction necessary for the 
steam reformer reaction. The resulting r^ormate gas is delivered to the water gas shift reactor for 
removal of impurities, and then delivered as the impure hydrogen gas feed to the hydrogen pressure 
swing adsorption system. 

25 In ano&er variation, the invention includes a burner for burning fuel. The reactor emprises 

' an autodiermal reformer ^r producing syn^, and a water gas shift reactor coupled to tiie 
autothermal reformer for eonverting the syngas to the impure hydrogo) gas feed. The compiessor of 
the ox}'gen pressure swing adsorption s>'stem delivers pressiu-ized air to die bumer, and the heavy 
product gas is delivered from the hydrogen pressure swing adsorption system as tail^as to be bunted 

30 in the burner. The compression machine of the ox>'gen pressure sv^ing adsoiption s>'stem also 
includes an expander coupled to the compressor for driving tht compressor from hot^as of 
combustion emitted from the bumer. The feed compressor with die expander may be on a common 
shaft vnih a motor drive, or may constitute a free rotor similar to an automotive tuibocharger. The 
same expander or another expander may be coupled to a vacuum pvmp to assist the PSA process. 

35 Again, die vacuum pump with its expander may be provided as a free rotor similar to an automotive 
turbocharger. Heat from the btimer may also be applied to pr^eat air and/or ftiel supplied to die 
autodiennal reformer. 
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Independently of wfaelfaer PSA is used for oxygen enrichment, die disclosed processes and 
systems provide a hydrogen PSA apparatus -for purifying &e reformate. The hydrogen PSA may be 
designed to deliver hi^ purity hydrogen, or else may be designed less stringraitly io achieve 
adequately hi^ removal of noxious components or contaminants (harmful to the fuel ceU) sudi as 

5 CO, H2S, halogens, metiianol, etc. In the latter case, fte hydrogen PSA would in its first pass only 
achieve partial removal of less harmful constituaits<e.g., N:, Ar and CO2). In diat case, anode tail 
gas may be recycled to the feed end of the PSA inlet for use in a feed pressvoization step, dius 
avoiding any need for mechanical recompression. Even when high hydrogen purity is specified for 
the PSA, this feature enables a small bleed from the end of the anode diannel back to &e feed 

10 pressurization step of the hydrogen PSA, as would be desirable for avoiding a strict dead-beaded 
configuration with the ri^ of accumulation in the anode channel of any contaminant slip due to 
equipment imperfections or operational transient upsets. 

Accordingly, a first embodiment of fbt disclosed processes and systems contemplates 
providing a hydrogen-containing gas stream that includes carbon monoxide, introdudng the 

15 hydrogen-containing gas stream into a pressure swmg adsoiption module that includes at least one 
carbon monoxide-selective adsorbent to produce a purified hydrogen-containing gas stream, and 
introducing the purified hydrogen-omtaining^ stream to the fuel cell anode. A further disclosed 
process and system for providing a hydrogen-containing gas stream to a fuel cell anode involves 
introducing a hydrogen-containing feed gas stream into an adsorption module having at least a first 

20 adsorbent and at least one second material, and optionally phiral materials selected from a second 
adsorbent, a steam reforming catalyst, and a water gas shift reaction catalyst, wh«"ein the first 
adsorbent and the second adsorbent are chemically distinct and at least one of the first adsorbent or 
the second adsorbent preferentially adsorbs a contaminant in ^e hydrogen-containing feed ^as stream 
to produce a purified hydrogen-containing gas stream. 

25 Operating temperature of the adsorbers in &e hydrogen PSA unit can be elevated well above 

ambient, as the reformate gas is supplied at a temperature after water gas shift of typically about 
200*^C, while operating temperatures of PEM fuel eells may extend fi-om about 80X to about 100**C. 
Alternatively, the adsorbers may be operated at a lower temperature if &e reformate is cooled, thus 
providing an opportunity for partial removal of water and any me&anol vapor by condensation before 

30 admission to the hydrogen PSA unit Advantages of operation at moderately elcN'ated temj>erature are 
(1) reformate coolers and water condensers upstream of the hydrogen PSA can be avoided, (2) PSA 
removal of water >'apor and CO2 may be more readily achiex ed at moderately elevated temperature 
compared to ambient tempa^ture, <3) CO can be more selectively adsorbed than CO2 over Cu(I)- 
loaded adsori>ents, particularly at elevated temperature, and (4) kinetics of CO sorption and 

35 desorption on CX)-se]ecti ve sorbents may be greatly enhanced at higher temperature. Consequentiy, 
in certain embodiments the operating temperature range for the adsorbers is from about 80**C to about 
200°C, and a more particular operating range is from about lOOX to about 160X. As used herein, 
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"operating temperature of the adsoHiers" denotes ihe temperature of a gas flowing through the 
adsorbers and/or the temperature of the adsoiber beds. 

The hydrogen PSA unit may be ^nfigured to support a temperature gradient along the 
length of the flow channels, so that the temperature at the first end of the adsorbers is hi^ier &an Ifae 
5 ten^)erature at ihc second end of the adsorbers. 

Especially for low purity hydrogen wiflj anode recycle* the hydrogen PSA may use CO- 
selective adsorbents with CX)-complcxing ions, such as Cu(I) or Ag<e.g, Ag(I)), introduced by ion 
exchange or impregnation into a suitable adsorbent carrier or support Prior art CO-selective 
adsorbents have used a wide diversity of zeolites, alumina or activated carbon adsorbwts as carriers 
10 or polymers as supports. With CO-seJecti ve adsorbents, enhanced hydrogen recovery may he 

achieved while tolerating some accumulation of non-CO impurities circulated through the fiiel cell 
anode loop. 

Potential problras with CO-selective adsoi^^ts used to purify hydrogen from reformate 
include (1) compatibility wift water vapor &at may <ieactivate the adsoxhent or -cause leaching of 
1 5 impregnated constituents, <2) ovo--reduction by hydrogen, causing the CX)-complexing ion to reduce 
to inert metallic form, and <3) relatively slowidnetics of GO-complexing as con^ared io physical 
adsorptioa 

The active adsoibent in Ae disclosed processes and systems (such as a CX)-selective 
component) can be supported on thin adsorbent sheets, which are layered and spaced apart by spacers 

20 to define flow channels, thereby providing a high-surface- area, parallel passage support witfi minimal 
mass transfer resistance and flow channel pressure drop. With crystalline adsorbents such as zeolites, 
and amorphous adsorbents such as alumina ^el or silica gel, the adsorbent sheet is fonned by coating 
or in-situ synthesis of the adsorbent on a reinforcement sheet of inert material, e.g. a wire mesh, a 
metal foil, a gkss or mineral fiber paper, or a woven or nonwovoi ^Ix-ic. Active carbon adsorbent 

25 may also be coated onto a reinforcemrat sheet of in^ material, but adsorbent sheets of active carbon 
may also be provided as self-supporting caxiion fiber pap^or dotii. Adsorbm of the layered 
adsorbent sheet matoial may be fonned by stadcing flat or curved sheets. Alternatively, adsorbers 
may be a spiral roll, with the flow channels between the sheets extending from 4e first end of the 
adsorber to the second end thereof The adsorbers generally fill the volume of the adsorber housing 

30 of the desired shape. Examples of methods and structures with packed, spirally wound adsorbents zrt 
disclosed in commonly-owned, co-pending U.S. Provisional Application No. 60/285,527, filed April 
20, 2001, and incorporated herein by reference. T^ipical thickness of tiie adsoibent sheet may be in 
tiie range of about 100 to about 200 microns, while flow channel spacing betv^<een the sheets may be 
in the range of about SO to about 2O0 microns. 

35 According to one variation of the disclosed PSA units, the adsorb^t material contacting the 

flow diannels between the first and second ends of tiie adsorbers may in general be seleaed to be 
different in distinct zones of the flow channels, so that the adsorbers would have a succession of Zicmes 
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-<e.g. a first zone, a second zone, a third zone, a peiiiaps additional zones) wi& distinct adsoibents 
proceeding along the flow diannels from fte first end to the second end. As an alternative 4o distinct 
zones of adscM-bents, dse different adsorbs may be provided in layers or mixtures ft at include 
varying gradients of adsorbent conc^trations along the^as Sow path. Tht transition from one 
5 adsorbent to anofter may also be a blended mixture of the two adsorbents rather dian a distinct 

transition. A further option is to provide a mixture of the dififmnt adsorbents that may or may not be 
homogeneous and such mixture may be combined widi a discrete zone or zones. 

In a first variant configured to deliver high purity hydrogen, tfie adsorbent in a first zone of 
the adsorbers adjacent the first end will be a desiccantto achieve bulk removal of wato- va^r in #UKt 

1 0 first zone, the adsorbent in a second zone in the central portion of the adsorbers will be selected to 
achieve bulk removal of CO2 and some removal of CO, and the adsorbent in a diird zone of fte 
adsorbers will be selected to achieve final remo\'al of CO and substantia] removal of any additional 
inert components, such as nitrogen and aigon. A suitable desiocant, widiout limitation, for the first 
zone is alumina^el. A suitable adsorbent for the second zone is 13X zeolite, or 5A, or active 

1 5 charcoal. Suitable adsorbents for the third zone, again without limitation, may be a strongly caiinm 
monoxide and m'trogen selective adsorbent selected from fte^groiq) including but not limited to Na^ 
LSX, Ca-LSX, Li-LSX, Li- exchanged chabazite, Ca* exchanged chabazite, Sr- exchanged chabazite. 
The zeolite adsorbents of this group are characterized by strong hydrophilicity, corresponding to 
selectivity for polar molecules. This first variant relying on physical adsoiption will operate most 

20 effectively at relatively lower temperatures, unlikely to exceed much more than about 100**C although 
certain adsorbents such as Ca- or Sr-exchanged chabazite would remain adequately effective for CO 
and N2 removal at temperatures to about ISO^C. 

In a second similar variant also configured to deliver higji purity hydrogen, the adsorbcmt in 
the second or third zone may be a more strongly carbon monoxide selective adsorbent such as a 

25 Cu(I)-exchanged zeolite. The zeolite may be, for example, be an X-or a Y-t>pe zeolite, mordenite, or 
chabazite. For stability against over-reduction while contacting nearly pure hydrogen, the 
exchangeable ions of the zeolite may be a mixture of Cu(I) and oAer ions sudi as Ka, Li, Ca, Sr, 
other transition group metals X)r lanthanide group metals. The mixed ions may also or E^emadvely 
include Ag as s minor component for enhanced CO- selectivity. 

30 In a third variant configured to deliver at least partially purified hydrogen witii 00 nearly 

completely removed, the adsorbent in a first zone of the adsorbers adjacent the first end will be a 
desiccant to achieve bulk removal of water vapor in ^at first zone, the adsorbent in a second zone in 
die central portion of the adsorbers will be selected to achieve bulk removal of CO2 and some removal 
of CO, and the adsoibent in a third zone of die adsoibers will be selected to achieve final remo>'a] of 

35 CO and partial ronbval of any nitrogen and argon. A suitable desiccant for the first zone, wi^out 
limitation, is alumina gel. A suitable adsorbent for ftit second zone, again widiout limitation, is 
alumina gel impregnated widi Cu(I), or active carbon impregnated with Cu(I). Suitable adsorbents for 
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tiie third zone may be similar to those used in the second zone, or may be a CO- and nitrogen 
selective adsoibent as in the first or second variants above. 

in a fourth variant configured to deliver at least partially purified hydrog^ with CX) nearly 
completely removed, the adsorbent in some or all zones of the adsorbers will be a moderately 
5 hydrophobic adsorbent selected from the group including, but not limited to, active carbon and Y- 
zeolite, and preferably containing Cu(I) for ^ihanced 00- selectivity in a zone adjacent Ae second 
end of the adsorbers. 

In a fifth variant configured to deliver at least partially purified hydrogo) with CO nearly 
completely removed, the adsorbent in some or all zones of the adsorbers will be a strcmgly 
1 0 hydrophobic adsorbent selected from the ^oup including but not limited to silicalite and 

dealuminified Y-type zeolite. The hydrophobic adsorbent may preferably contain CuQ) for enhanced 
CO selectivity. 

in a sixth variant configured to deliver at least partially purified hydrogen wi&CO nearly 
completely removed, ^e adsbrboit in tiie first or second zone of the adsorbo-s will include a 

1 5 component catalytically active at ^e operating temperature of that zone for &e water gas shift 

reaction. The catalytically active component may be any 'known water ^as shift catalyst, e.g. Cu-ZnO 
based catalysts. Preferably, the catalytically active component may be metal carbonyl complexes of a 
transition ^oup metal or a mixture of 'transition ^oup metals (e.g. Cu, Afi, Ni, Pd, Pt, Rh, RUyt^e. 
Mo. etc.) inserted into the zeolite cages o^ for example, an X or Y-type zeolite. A portion of the 

20 carbon monoxide sorbed onto the catalytically active component may then react widi water vapor by 
the water gas shift reaction to generate carbon dioxide and additional hydrogen. It is known{JJ. 
Verdonck, P.A. Jacobs, J.B. Uytterhoeven, "^Catalysis by a Ruthenium Complex Heterogenized in 
Faujasite-t^'pe Zeolites: the Water Gas-shift Reaction", J.CS. Chem. Comm., pp. 181-182, 1979] that 
ruthenium complexes stabilized witiiin X or Y zeolites provide greater water-gas shift catalytic 

25 activity than conventional oopper based catal^'Sts. Olher waser^as shift catalysts known in the art 

incliuic platinum supported on ceria and transition metal carbides. Iron-chrome catalysts are used for 
industrial water ^as shift reactions at higher temperatures. 

In a seventh variant configured toiieliver at least partially purified hydrogen with CO nearly 
completely removed, &e adsorbent in the first zone of the adsorbers is an adsorbent selective at iht 

30 eleN'ated operating temperature of the first zone for carbon dioxide in preference to water vapor. 
Suitable such adsorbents known in tiie art include alkali-promoted materials. Illustrative alkali* 
promoted materials include those containing cations of alkali metals, such as Li, Na, K,Cs, Rb, and/or 
alkaline eartii metals, sud) as Ca, St, and Ba. The materials typically may be provided as the 
hydroxide, carbonate, bicarbonate, acet^e, phosphate, nitrate or organic acid sah compound of the 

35 alkali or alkaline earth metals. Such compounds may be deposited on any suitable substrate sudi as 
alumina. Examples of specific materials include alumina in^regnated with potassium carbonate and 
hydrotalcite promoted vfiih potassium carbonate. The adsorbent in the second zone of iht adsorbers 
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will include a component catalytically active at tiie operating temperature of that zone for the water 
gas shift reaction, and optionally also for a steam refoimtng reaction of €.g. methanol or methane. As. 
in IhemA variant above, ^e catalytically active component in the second zone may be almown 
^^'ater gas shift or steam reforming catalyst, or may be a transition group metal dispersed in zeolite 

5 cages and reversibly forming a metal carbonyl complex at ihc operating temperature of &e second 
zone. The second or preferably third zone of fte adsorbers contains adsorbent with some useful 
woiicing capacity for carbon monoxide and o&er impurity components at the operating temperature of 
that zone. Because carbon dioxide is strongly adsorbed in ^e first zone, Ae concentration of caibon 
dioxide in ^e second zone is maintained at a reduced level by ^e PSA process, while water vapor 

10 concentration remains relatively hi^ in fte second zone. Hence, in tiiis seventh variant the water ^as 
shift reaction equilibrium {and the steam reforming equilibrium if applicable) is continually ^fted by 
the PSA process, which continually removes both hydrogen and earbon dioxide from the catalytically 
active second zone while preventing passage of carbon monoxide into ibc hydrogen product passing 
the third zone, so that essentially all carbon monoxide is consumed to g^erale carbon dioxide and 

15 additional hydrogen. This is an example of a PSA reactor or "soiption enhanced reactor**, drivhig the 
water ^as shift reaction substantially to completion while achieving adequate purification af Ae 
hydrogen. 

The reforming and/or water gas shift reaction C2talyst(s) described above may be mcluded in 
any part of the adsorber bed, but topically are included in the section prior to removal of the water 

20 vapor since water vapor is a reactant for "die reforming and water gas shift reactions. 

Industrial H2 PSA is normally conducted at considerably elevated pressures (> 10 bara) to 
achieve simultaneous high purity and high recovery 80%-€5%). fu6i ceE systems operating with 
pressurized methanol reformers or integrated with^as turbine cycles may operate at relatively high 
pressures. Howev^, most P£M fuel cell s>'5tems operate at ambient to about 3 bara pressure. As 

25 feed pressure and the overall woridng pressure ratio of ^e PSA are reduced, productivity and 
recovery of a simple c^'de deteriorate. Under given pressure conditions, use ofXX)-se]ective 
adsorbents should significantly improve recovery at specified product CO concentration, if hydrogen 
purity witib respect to other impurities such -as nitrogen and carbon dioxide can be relaxed. 

At very low feed pressures <e.g. 2*3 bara), the Ha PSA may need supplemental compression 

30 to achieve high recovery. Vacuum pumping may be used to widen the working pressure ratio, or 
alternatively "heavy reflux,** which is recompression and recycle to ^e PSA feed of a fraction of its 
exhaust stream at full pressure. Vacuum and heavy reflux options may be combined in PSA s>'St^s 
for reformate purification. The heavy reflux option using 13X zeolite adsorbent, which is not 
particularly CX)-selective achieved --95% recovery from syndetic methanol reformate at -3 bara feed 

35 pressure and atmospheric exhaust wi&out vacuum pumping. 

To get heavy reflux in a very low pressure PSA, the vacuum pump may be configured so that 
part of its flow is reinjected into the PSA feed. Extremely high hydrogen recovery can &en be 
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obtained (even at a &irly low overall pressure ratio) by pumping oiough heavy reflux. The vacuum 
level can be traded against the mass flow of heavy reflujL 

A fuel cell may be a standalone power plant, or else it may be inte^ated with some type of 
combustion engine. In the case of a standalone fiiel ceD, all mechanical power for air handling 

5 compression and any oxygen and/or hydrogen PSA units must be provided as electrical power by iht 
appropriately sized fuel cell stack. In this case, tight constraints apply to the recovery level that must 
be achieved by the Hj PSA at specified purity. In the absence of any useful ^port use for high grade 
heat, an efficient heat balance requires that Ae heating value of combustible waste gasestHi, OO and 
unreacted fuel) be matched to the heat demand of the fuel processor. For a fuel cell with steam 

10 reforming <e.g. methanol or natural gas), nominal hydrogra recoveiy by the H2 PSA has to be about 
75% to E0% as the PSA tail gas is burned to heat the reformer; >;^ile for a POX or autothermal 
reformer, hydrogen recovery by the PSA needs to be extremely high<at least 90% to 95%) as such 
reformers can only use a limited amount of external combustion heat from burning PSA tail gas or 
fuel cell anode tail gas, e.^. for preheating feed oxygen/air and fuel reactaiits to the reformer. 

15 In order to achieve h^h pv^ocess efficiency and higih recovery of fte PSA units along with 

high overall efficiency of fte fuel cell system, &e hydrogen PSA uil-gas may be burned in an 
auxiliary combustion engine to drive the air handling system conqiressor and any vacuum pumps for 
the oxygen and hydrogen PSA units. Thus, according to another presently disclosed embodinient, a 
process and s>'stem is described that includes providing at least one first pressure swing adsorption 

20 module that produces an oxygen-enriched gas stream, the &st pressure swing adsorption module 

including at least oncx3evice selected from a first compressor or&st vacuum pump; providing at least 
one second pressure swing adsorption module that produces a purified hydrogen ^as stream and a 
separation exhaust gas stream, the second pressure swing adsorption module including at least one 
device selected from a second compressor or second vacuum pump; introducing the oxygen-^sriched 

25 gas stream and &e purified hydrogoi gas stream into a fuel cdl; and introducing ^e 5q)aration 
exhaust gas stream as a fuel into a combustion engine for driving at least one auxiliary device, 
typically selected from the first compressor, first vacuum pump, second compressor, second vacuum 
pump, or an electric generator. 

For smaller plants, internal combustion engines may be attractive relative to ^as tuibine 

30 configurations. Either way, powering the compressor and vacuum pump(s) by burning tail gas avoids 
the cost penalty of a bigger fuel cell stack in order to run compression machinery as parasitic 
electrical loads. The engine exhaust heat and/or cooling jacket heat may be further recov«-ed to 
preheat and vaporize fuel reactants and to provide some or all of the heat of reforming for a metibanol 
reformer as described below in more detail. 

35 The engine could be a reciprocator or a rotary engine. It may aspirate the hydrogen PSA tail 

gas directly as fuel, or else be turbocharged to pull greater vacuum fix>m the PSA exhaust Modern 
Wankel derivative engines have favourable specific displacement and power density. TTius, an 
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auxiliaiy interna] combusdon engine «ould act as its oivn vacuum pump on tail gas being inducted 
directly as fuel. Some oxygen enriched tail gas from the fuel 'Cell cadiode could be fed as a 
supplementto intake airlo make up/or^e heavy CO2 load. In view of the hy<kograi, water and 
carbon dioxide content of the tail ^gas fueling this engine, conditions are fiivouiable for extr^nely low 

D ^lussions of NOx and other noxious contaminants. Here, Hkt above strict heat balance constraints on 
necessary hydrogen recovery to be achieved by the PSA may be relaxed in designing for most 
desirable tedmical, emissions and economic performance of ibe power plant because^iligas 
combustion can thermally power auxiHary compression loads as well as provide endofhennic heat of 
file] processing. The combustion engine may power all con^ressors and vacuum pumps for ite<h 

10 PSA, along with vacuimi pump and/or heavy reflux impression for the H2 PSA. TOs auxiliary^as 
turbine cycle allows a heavy reflux vacuum pump and compressor to be driven by Ae turboexpander 
whidi e)q)ands ^e products hydrogen PSA tail ^ combustion. 1%us, one feature of disclosed 
processes and systems is integration of Ae vacuum pump(s) with the combustion engine powered ^y 
tail gas combustion. Either single or multiple spoolgas tuibine configurations may be considered in 

15 connection with the combustion engine. Centrifugal or axial madiines maybe used as Hie 
compressors and pumps. Approaches based on int^ation of^ turbines and fiiel cells are 
particularly &vourd)lefor larger power levels. 

Furdier disclosed embodimoits are directed to improved steam r^orming processes 
(particularly methanol reforaiing) when coupled to a fuel cell. The conventional approach for 

20 methanol reforming is to increase the pressure of liquid reaciants to an elevated pressure for 

vaporization and the vapor phase methanol reforming reaction. This approach enables the reactor 
itself to be compact, and provides driving pressure for hydrogen purification by PSA or palladium 
diffusion membranes. 

A novel low pressure process is disclosed herein for steam metiianol reforming &at can-get 
25 chanced heat recovery from a low pressure fuel cell . More than •60% of ^e endolhemaic heat of 

steam reforming me^anol is the he^ of vaporization to boil the methsmol and &e wmer inputs. If ^e 
fuel cell is cooled to vaporize feed liquid fuel and at the fuel cell stack wodcmg temperature,-^ 
s>'stem may be more efficient due to heat recovery, which liberates hydrogen to penmate electricity 
wiiile absorbing about 25% of ^e stack cooling load. A water-rich mix of 14% methanol in water 
30 boils at atmospheric pressure and 85 ''C to generate a 50/50 vapor mix as required by stoichiometry, or 
at a modestly higher temperature with a larger excess of water in the liquid phase to obtain a small 
excess of steam as actually required to ensure low CO concentration. Therefore the liquid mixture of 
water containing a fraction of methanol may be circulated as fuel cell stack coolant, uid ^en €ash 
evaporated to generate a medianol-HsO vapor mix to be admitted into die reforming catalyst chamber 
35 at fiiel cell s>'stem working pressure. If die fuel ceU operates at less dian 85^ flesh eviration 
likely would be performed under vacuum or else with a higher concentration of methanol (as also 
desirable for antifreeze characteristics for winter conditions) so that only a fraction of tiie water 
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required for methanol reforming is provided by vaporization using fuel cell stack waste heat As 
higher P£M fuel cell operating temperatures are considered, ^proacfa becomes more viable as 
permitting either atmospheric or higher pressure for fiash evaporation, or else a larger temperature 
differential driving heat exchange in the stack coolant channels. Thus, tiiere is disclosed herein a 

5 process and system that involves pro\nding a fuel cell defining a coolant passage and an anode inlet 
for receiving a hydrogen-containing gas stream; mixing liquid water and a hydrocarbon fuel stream 
resulting in a coolant mixture; introducing the coolant mixture into the coolant passage of the fuel 
cell; vaporizing the coolant mixture to fonm a steam/fiiel vapor mixture; subjecting the steam/fuel 
vapor mixture to reaction conditions sufficient for generating a hydrogen-containing ^as stream; and 

1 0 introducing the hydrogen-containing^as stream into the fuel cell anode inlet 

Using stack heat recovery to boil ihc methanol reforming reactants is more attractive for a 
relatively low pressure fuel cell (e,g., operating at a pressure below about 2 bars absolute), unless tiie 
working temperature were greatly ino-eased. If all ^ steam feed to 'die methanol refomer is 
generated by stack heat recovo^, some mechanical compression of ^e reformer reactant vapor 

15 mixture generally is needed except for a very low pressure PEM fuel cell <ewg. operating at a pressure 
below 1 .5 bars absolute). Such a very low pressure fuel cell would be ^expected io benefit ^eatiy 
fi-om PSA O2 enrichment as enabling hig^ power density at low total pressure. However, vacuum 
pumping would then be required for both &e oxygen PSA and a hydrogen PSA imit, particularly to 
obtain high recovery of hydrogen in the hydrogen PSA. 

20 An alternative approach within the inv^tion is to operate the fuel cell at somewhat higher 

pressure {e.g. operating at a pressure of about 2 or 3 bars absolute), with the stack coolant liquid 
mixture of water and methanol containing a higher concentration of methanol, so that ^e vapor 
mixture thus generated contains all &e metiianol vapor for die methanol ref(Mit>er, plus only a portion 
of the steam required for refonning that methanol. Supplonentary steam is then generated by an 

25 alt^ative heat source, for example exhaust heat or cooling jacket heat from a eombustion engine or 
turbine used to drive the feed air compressor and any vacuum pumps required to operate Ae PSA 
equipment 

In the case of a POX or autothermal gasoline fuel processor, the endo&ermic heat€or &e 
reforming reaction is generated by burning a portion of the fiiel stream wifliin tiie reforming reactor. 

30 Hence, there is al most a very limited opportunity for burning the hydrogen PSA tail <gas usefully to 
support the reforming process (e.g. to preheat incoming air and fuel streams), because ample high 
grade heat is generated within POX and auto^ermal reformers. If &ere is no other use for 
combustion heat from burning the hydrogen PSA tail gas, tiie hydrogen PSA achieves extremely high 
hydrogen recovery <m the range of e.g. 90% to 99%) to adiieve heat balance and full utilization of 

35 fuel. In &e case of a methanol reformer with stadc heat recoveiy to boil the reactants as pro\ided 
above within the present invention, the hydrogen PSA would have to achieve very high hydrogen 
recovery 90%) in view of the substantia] heat recovery from the stack to reduce the medianol 
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refonner heat demand. 

An aiixiliary combustion engine or turbine fterefore is disclosed, cooperating with fte fuel 
cdl power plant to at least assist the feed air compression and any %'acuuni pumping loads. TaO gas 
'firom fk\e hydrogen PSA unit is now usefully consumed as fuel for the auxiliary combustion engine or 
5 turbine, so that the necessary hydrogen recovery achieved by &e PSA unit may be relaxed to fte 
range of e.g. 70% to 90% as the heat balance and fuel utilization constraints arc opened. Hence, the 
need for heavy reflux compression and vacuum pumping to assist the hydrogra PSA ura't is reduced or 
eliminated. Simultaneously, the auxiliary combustion engine or turbine unloads the PSA compression 
and any vacuum pumping load from the fuel cell electrical ou^ut, ^us reducing the size and cost of 
10 the fuel cell. 

The tbennally integrated combination of the auxiliary combustion engine or turbine with the 
fuel processor jH^ovides ahemative waste heat soin-ces for vs^orizing steam directiy at the refoiming 
pressure, for heating an endothermic reactor, and for recovering exodiennic heat e.g. of water :gas 
shift A thermally integrated design can also be configured to minimize thermal inefiBciendes, e^ of 

1 5 heat loss by conduction to the environment, singly by placii^ hot componoits of fbc fuel processor 
and the auxiliary heat engine wifliin a common housing, and with components at siroflar operating 
temperatures in close adjacent proximity. 

The foregoing features and advantages will become more apparent from the following • 
detailed description of several embodiments ihzt proceeds with reference to the accompanying 

20 figures. 



BRIEF DESaUPTJON OF THEDRAWINGS 
FIG. 1 shows an axial section of a rotary PSA module. 
FIGS. 2 through SB show transverse sections of the module of FIG. 1. 
25 FIG. 6 is a simplified schematic of a fuel cell power plant ^itfa a steam reforming fuel 

processor, a PSA unit for rcformate hydrogen purification by at least removal of €0, and a VPSA luiit 
for oxygen enrichment 

FIG. 7 is a simplified schematic of an additional embodiment of a fuel cell power plant that 
includes a modified steam reforming fuel processor. 
30 FIG. 8 is a simplified schematic of another embodiment of a fuel cell power plant that 

includes a vacuum pump. 

FIG. 9 is a simplified schematic of a furtiier embodiment of a fuel cell power plant that 
includes an internal combustion engme and a modified fuel cell stacL 



wo 02/35623 



PCT/CAOl/01523 



15 

DETAILED DESCRIPTION OF SEVERAL EMBODIMENTS 

FTfiS 1-^ 

One embodiment of an oxygcn-enridmient rotaiy PSA module for use with die described 
methods and systems is described below in connection wiA FIGS. 1-58, but the same or similar 
5 rotary PSA module configuration could be used for hydrogen enrichment (i.e., separation) in Ifae 
disclosed electrical current generating systems. As used herein, a "itrtaiy PSA" includes, but is not 
limited to, either a PSA wherein the adsorbent bed rotates relative to a jfixed valve &ce or stater or a 
PSA wherein the valve face or stator rotates relative to a fixed adsorbent bed. 

FKj. 1 shows a rotary PSA module 1, which includes a number "N" of adsorbers 3 in 

10 adsorbo- housing body 4. Each adsorber has a first end 5 and a second end 6, with a flow path 

therebetween contacting a nitrogen-selective adsorbent <for oxygen enrichment). The adsorbers are 
arrayed about axis 7 of the adsorber housing body. The housing body 4 is in relative rotary motion 
about axis 7 wiA first and second fimctional bodies 8 and 9, being engaged ai^oss a first valve face 
10 with the first functional body 8 to y/hich feed gas mixture is supplied and fi-om whidi Ae heavy 

15 product is withdrawn, and across a second valve fece 1 1 wiA Ae second functional body 9 from 
which the light product is withdrawn. 

In embodiments as particularly depicted in FIGS. 1-5, the adsorber housing 4 rotates and 
shall henceforth be referred to as tfie adsorber rotor 4, while the first and second functional bodies are 
stationary and together constitute a stator assembly 12 of the module. The first fimctional body shall 

20 hencefordi be referred to as the first valve stator 8, and the second fimctional body shall henceforth be 
referred to as the second valve stator 9. In other embodiments, fte adsorber housing may be 
stationary, while the first and second fimction bodies may be the rotors of rotary distributor valves. 

In the embodiment shown in FIGS. 1-5, the flow path through fte adsorbers is parallel to 
axis 7, so that the flow direction is axial, while the first and second valve feces arc shown as flat 

25 annular discs normal to axis 7. However, more generally die flow dir^aion in tfie adsorbers may be 
axial or radial, and the first and second valve feces may be any figure of revolution centred on axis 7. 
The steps of the process and the fimctional compartments to be defined will be in fte same angular 
relationship regardless of a radial or axial flow direction in the adsorbers. 

FK3S. 2-5 are cross sections of module 1 in the planes defined by arrows 12-13*, 14-15', and 

30 16*-17\ Arrow 20 in each section shows the direction of rotation of *e rotor 4. FIG. 2 shows section 
12'-13* across FIG. 1, which crosses the adsorber rotor. In this example, "N" = 72. The adsorbers 3 
are mounted between outer waU 21 and inner wall 22 of adsorber wheel 208. Each adsorber 3 
comprises a rectangular flat pack of adsorbent sheets 23, with spacers 24 betvi'een the sheets to define 
flow channels here in the axial direction. Separators 25 are provided between the adsorber* to fill 

35 void space and prevent leakage between the zdsorbm. In oftcr configurations, the adsorbent sheets 
may be formed in curved packs or spiral rolls. 

Satisfactory adsorbent sheets have been made by coating a slurry of zeolite cr^'stals wiA 
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binder constituents onto the reinforcement materia], with successful examples including nonwoven 
fibreglass scrims, woven metal febrics, and expanded aluminium foils. The adsorbent sheets comprise 
a reinforcement material, in preferred mbodiments^lass filH-e, metal foil or wire mesh, to which the 
adsorbent mat^ial is attached with a suitable binder. For applications sudi as hydrogen purification, 
5 some or all of the adsorbent material may be provided as carbon fibers, in woven or nonwoven form 
to serve as its own reinforcement material. Spacers 24 are provided by printing or embossing the 
adsorbent sheet 23 with a raised pattern, or by placing a fabricated spacer between adjacCTt pairs of 
adsorbent sheets. AJtemative satisfactory spacers 24 have been provided as woven metal screens, 
non-woven fibreglass scrims, and metal foils witii etched flow channels in a photolithographic pattern. 

10 Typical experimental sheet thicknesses have been 150 microns, with spacer heights in the 

range of 100 to 150 microns, and adsorbs flow channel length approximately 20 an. Using X-type 
zeolites, excellent p^ormance has been achieved in oxygen sqsaration from air and hydrogen 
purification fi-om reformate at PSA cycle fi-equencies in tiie range of 1 at least to 150 cycles per 
minute particularly at least 25 cycles per minitte. 

15 As shown in FIG. 1, the adsoibers 3 may comprise a plurality of distinct zones between the 

first end 5 and the second end 6 of &e flow channels. FIG. 1 illustrates a first zone 26 adjacent the 
first end 5, a second zone 27 in the middle of the adsorbers, and a third zone 28 adjac«it the second 
«id 6. These zones may be entirely distinct as to the local con^osition of adsorbent -(including any 
catalyst), or else may be blended with a continuous gradient of adsorbent compositioa Fewer or 

20 more zones may be proNided as desired The first zone typically contains an adsorbent or desiccant 
selected for removing very strongly adsorbed components of the feed^as mixture, such as water or 
mefiianol vspor, and some carbon dioxide. The second zone contains an adsorbent typically sdected 
for bulk separation of impurities at relatively hi^ concentration, and die tiiird zone contains an 
adsorbent typically selected for ronoving impurities at relatively low concentr^ons. 

25 In embodiments with multiple zones, the volume of eadi zone may be presde(^ed to adiieve 

a desired result. For exsunple, u4tfa a 3-zone dmbodinicait^ first zone may be the first 10% to 20% 
of the flow channel lengdi from the first end, &e second zone may be the next roughly 40% to 50% of 
the charmel length, and the tfiird zone the remainder. In embodiments v^ith only two adsorber zones, 
the first zone may be first 10% to 30% of the flow channel lengA fi-om fee first end, and the 

30 second zone the remainder. The zones may be formed by coating the different adsorbents onto the 
adsorbent support sheet material in bands of the same width as the flow channel lengA of the 
corresponding zone. The adsorbent material composition may change abruptly at the zone boundary, 
or may be blended smoofely across the boimdaiy. PmicuIarJy in the first zone of the adsorber, the 
adsoii>ent must be compatible with significant concentrations of water vapor. 

35 For air separation to produce enriched oxygen, alumina gel may be used in die first zone to 

remove water vapor, while typical adsorbents in the second and tfurd zones are X, A or chabazite type 
zeolites, typically exchanged with lithium, calcium, strontium, magnesium and/or oiher cations, and 
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with optimized sOicon/aluminium ratios as well known in art The zeolite crystak are bound with 
silica, clay and other bindos, or self-bound, within tiie adsorbrat sheet matrix. 

In a first variant configured to deliver high ptm'ty hydrogen, Ac adsorbent in a first zone of 
die adsorbers adjacent the first end will be a desiccant to achieve buBc removal of water vzpot in that 
5 first zone, the adsorbent in a second zone in ihe central porticHi of the adsorbers will be selected to 
achieve bulk removal of CO2 and some removal of CO, and the adsorbent in a third zone of flie 
adsorbers vnU be selected to achieve final removal of CO and substantial removal of any nitrogen and 
argon, A suitable desiccant for the first zone is alumina gel Illustrative suitable adsorbents for the 
second zone are 13X zeolite, or 5 A, or active charcoal. Suitable adsorbents for the third zone may be 

1 0 a strongly carbon monoxide and nitrogen selective adsorbent selected fi-om the ^oup including, but 
not limited to, Na-LSX, Ca-LSX, Li-LSX, Li- exchanged chabazite, Ca- exchanged chabazite, Sr- 
exchanged chabazite. The zeolite adsorbents of this group are characterized by strong hydrophilkity, 
corresponding to selectivity for polar molecules. This first variant relying on physical adsorption will 
operate most effectively at relatively lower temperatures, unlikdy to exceed much more than about 

15 1 00*^C, altiioug^ certain adsorbents sudt as Ca- or ^r-exdiariged chabazite remain adequately 
effective for CO and N2 removal at temperatures up to about 130X. 

In a second similar variant also configured toiielsver high purity hydrogen, &e adsorbent in 
the second or third zone may be a more strongly carbon monoxide selective adsorbent such as a 
Cu(I)-exchanged zeolite. The zeolite may for example be an X or Y-type zeolite, mordenite, or 

20 chabazite. For stability against over-reduction while contacting neariy pure hydrogen, the 

exchangeable ions of the zeolite may be a mixture of Cu(I) and other ions such as Na, Li, Ca, Sr, 
other transition group metals or lanthanide^roup metals. The mixed ions may also or alternatively 
include A^ «s a minor component for enhanced. CO-selecti vity. 

In a third variant coiifigured to deliver at least partially purified hydrogen wifh<X) nearly 

25 completely removed, the adsorbent in a first zone of the adsorbs adjacent ihe first end Mrill be a 

desiccant to adiieve'bulk rehioval bf water vapor in that first zone, the ads(H-bent in a second zone in 
the central portion of the adsorb^-s wiU be sdected to achie%x bulk removal oftX>2 and some removal 
of CO, and the adsorbent in a Aird zone of the adsorbers will be selected to achieve final removal of 
CO and partial removal of any mtrogen and argon. A suitable desiccant for the first zone is alumina 

30 gel. A suitable adsorbent for the second zone is alumina ^el impr^ated withCu(I), or active carbon 
impregnated v^th Cu(I). Suitable adsorbents for the third zone may be similar to ftose used in the 
second zone, or may be a CO- and nitrogen selective adsorbent as in the first or second variants 
above. 

In a fourdi variant configured to deliver at least partially purified hydrogen wi& CO nearly 
35 completely removed, the adsorbent in some or all zones of fte adsorbers will be a mod^^ly 

hydrophobic adsorbent selected from die group including but not limited to active carbon and Y* 
zeolite, and preferably containing Cufl) for enhanced CO- selectivity in a zone adjacent the second 



wo 02/35623 



1>CT/CA01/01523 



18 

end of the adsorbers. 

In a fifib variant configured to deliver at least partially purified hydrogen wi& CO nearly 
<X3mpletely T^noved, the adsorbrat in some or all zones of &e adsorbers will be a stron^y 
hydrophobic adsorbent selected fi'om ^e group including but not limited to silicalite and 
5 dealuminified Y-zeolitc. The hydrophobic adsorbent may preferably contain Cu(I) for enhanced OO- 
sel«ctivity. 

In a sixth variant configured to deliver at least partially purified hydrogen with CO neariy 
completely removed, the adsorbent in the first t>r second zone of the adsorbers will include a 
component catalytically active at the operating temperature of ftal zone for the water gas shift 

1 0 reaction. The catalytically active componait may be any water gas shift catalyst, ^.g. Cu-ZdO based 
catalysts. Preferably, the catalytically active componwit may be metal carbonyl con^lexes of a 
transition group metal or a mbcture of transition group metals<e,g. Cu, Ag, Ni, Pd, Ft, Rh, Ru, Fc, 
Mo, «tc.) inserted into die zeolite cages of e.^. an X or Y zeolite. A portion of die carbon monoxide 
«orbed onto Ae catalytically active con^nent may then react with water v^or by the water gas shift 

15 reaction to graeratecaibon dioxide and additional hydrogen. 

In a seventh variant configured to deliver at least partially purged hydrogen with CO nearly 
completely removed, the adsorbent in die first zone of die adsoibm is an adsorboit selective at the 
elevated operating temperature of the first zone for carbon dioxide in preference^o wter vapor. 
Suitable such adsorbents known in the art include alumina impregnated widi potassium carbonate, and 

20 hydrotalcite promoted wth potassium carbonate. The adsorbent in the second zone of the adsorbers 
will include a component catalytically active at the operating tempwature of that zone for the wato- 
-gas shift reaction and if desired a steam reforming reaction. As indie sixth variant above, the 
catalytically active con^onoit in the second zone may be a known i^vater^ shift catalyst, or may be 
a transition group metal dispersed in zeolite cages and reversibly Conning a meM carbonyl complex at 

25 the operating temperature of the second zone. The second or prefen^ly lhird.zone of tiie adsorbers 
contams adsorbent with some useftil worldng capacity for carbon mcmoxide and otiier impurity 
components at the operating temperature (rf" that zone. The third zone of the adsorbers preiersd>ly 
contains an adsorbent with usefiil working capacity for water vapor at the opmiting temperature of 
that zone. Because carbon dioxide is strongly adsorbed in die first zone, die concentration of cai^on 

30 dioxide in the second zone is maintained at a reduced level by die PSA process, while water vapor 

concentration remains relatively high in the second zone. Hence, in this seventh variant die water ^as 
shift reaction equilibrium is continually shifted by the PSA process which continually removes both 
hydrogen and carbon dioxide from the catalytically active second zone while preventing passage of 
carbon monoxide into die hydrogen product passing the third zone, so that esswitially all carbon 

35 monoxide is consumed to generate carbon dioxide and additional hydrogen. The water gas shift 
reaction is thus driven substantially to conviction, ^"hilc adiieving adequate purification of the 
hydrogen. 
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The water gas shift reaction is exothennic, and consequently heat should be removed from 
{tie reactive second zone of the adsorbs in which the catalyst is contained. As disclosed in 
copending patent application PCT publication WO 00/76629, ^e disclosure of which is incoiporated 
herein by reference, the adsoiber housiiig may be configured as a heat exchanger so that heat may be 
5 transferred through the containment walls of the individual adsorbers. Heat may also be removed by 
allowing the temperature of second zone to rise above the temperature of Ae first ends of ^ 
adsorbers so that heat is removed by the carbon dioxide product of reaction and by axial conduction 
through the preferably raetdlic support of tiie adsorbent laminate, and/or by allowing the temperature 
of the second zone to rise above the temperature of the second ends of the adsorb^s so ^at heat is 

1 0 removed by the hydrogen product as sensible heat and by axial conduction through the preferably 
metallic support of ihe adsoxbent laminate. 

The above described seventh variant may be readOy ad^;>ted for the unportant ^plication of 
steam reforming methanol. The adsorb^it in ^e first zone may be promoted hydrotakite, which 
preferentially adsorbs caibon dioxide. The <:ataiyst in &e second zone may be any catalyst active for 

15 &e methanol steam refomiihg and water<:gas shift reactions, e.g. Cu-ZnO or a noble metal catalyst 
The adsorbent in the third zone is selective ^or water and medianol vapor. G)nsequendy, Ihe 
concentration of carbon dioxide is depressed, while ihe concentrations of steam and methanol vapor 
are elevated, over the second zone so as to shift Ae reaction equilibria for high conversion of 
methanol and r«noval of carbon monoxide by water ^as shift. At a given temperature, the reaction 

20 rate will be enhanced compared to the same catalyst in a conventional reactor. 

The vapor phase steam reforming reaction is endo&ermic, and consequently heat must be 
provided to the reactive second zone of the adsorbm in which the catalyst is contained. As disclosed 
in our copending patent explication PCT publication WO 00^76629, ihe disclosure oT which is 
incorporated herein by reference thereto^ the adsorber housiiig may be configured as a heat exchanger 

25 so that heat may be transfmed through the containment walls of the individual adsorbers. Heat may 
also be supplied by allowing &e temperature of the second zone to ftd) below the temperature of t&e 
first ends of the adsorbers so that heat is delivered to the second zone as sensible heat of the reactants 
and also by axial conduction through the preferably metallic support of the adsorbent laminate from . 
the first end of 4he adsorbers. 

30 FIG. 3 shows the porting of rotor 4 in the first and second v^ve faces req>ectively in the 

planes defined by arrows 14 -15\ and 16-17*. An adsorber port 30 provides fluid communication 
directly from ^e first or second end of each adsorber to respectively the first or second valve face. 

FIOS. 4A and 4B show the first stator vdve face 100 of tite first stator 8 in &e first valve 
&ce 10, in the plane defined by arrows 14-15. Fluid connections are shown to a feed con^ressor 101 

35 inducting feed gas through inlet filto^ 102, and to an exhauster 103 delivering second product to a 
second product delivery conduit 104. Conq)ressor 101 and exhauster 1 03 are shown coupled to a 
drive motor 105. 
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Arrow 20 indicates the direcdoD of rotation by the adsorber rotor. In &e annular valve fec e 
beD^'een drcumferentia] seals 106 and 107, the open area of first stator valve face 100 ported to the 
feed and exhaust compartments is indicated by clear angular segments 111-116 corresponding to iht 
first functional ports communicating direcdy to functional compartments identified by the same 

5 reference numerals 111*116. The substantially closed area of valve &ce 100 between functional 

compartments is indicated by hatched sectors 118 and 119 which are slippers witi) zero clearance* or 
preferably a narrow clearance to reduce friction and wear without excessive leakage. Typical closed 
sector 118 provides a transition for an adsorber, between being open to compartment 114 and open to 
compartment 1 15. Gradual openii^ is provided by a tapering clearance channel betwe«i tbc slipper 

10 and the sealing face, so as to achieve gentle pressure equalization of an adsorber being opened to a 

new compartment. Much ^ider closed sectors<e.g. 1 19) are provided to substantially close flow to or 
from one end of the adsorbers when pressurization or blowdown is being performed from Ae other 
end. 

The feed compressor provides feed gas to feed pressurization compartments 1 1 1 and 1 12, 

15 and to feed production compartment 113. Compartments 1 1 1 and 1 12 have successively increasing 
woxicing pressures, while compartment 1 13 is at the higher working pressure of the PSA cycle. 
Compressor 101 may thus be a multistage or split stream compressor s>'stem delivering Ae 
appropriate volume of feed flow to each compartment so as to achieve tiie pressurization of adsoibers 
through the intermediate pressure levels of compartments 11 1 and 1 12, and then the &ial 

20 pressurization and production through compartment 1 13 . A split stream compressor system may be 
provided in series as a multistage compressor >\ith interstage delivery ports; or as a plurality of 
compressors or compression cylinders m paraDel, each ddivering feed air to ^e working pressure of a 
compartment 1 1 1 to 1 13. Alternatively, compressor 101 may deliver all &e feed gas to &e higher 
pressure, with ^irotding of some of that gas to and 1 12 at their respective intennediate pressures. 

25 Similarly, exhauster 1 03 exhausts heavy product -gas from countercurr«nt blowdown 

compartments 1 14 and 1 15 at the successively decreasing working pressw^ies of those compartments, 
and fmally from exhaust compartment 1 16, which is at the lower pressure of the cycle. Similarly to 
compressor 101, exhauster 103 may be provided as a multistage or split stream machine, v^ith stages 
in series or in parallel to accept each flow at the appropriate intermediate pressure descending to the 

30 lower pressure. 

In the example embodiment of FIG. 4A, the lower pressure is ambient pressure, so exhaust 
compartment 1 16 communicates directly to heavy product deliv^ conduit 104. Exhauster 103 thus 
is an expander which proxides pressure letdown with energy recovery to assist motor 1 05 from the 
countercunrent blowdown compartments 114 and 115. For simplicity, exhauster 103 maybe 
35 replaced by throttling orifices as countercurrent blowdown pressure letdown means from 
compartments 1 14 and 115. 

In some embodiments, the lower pressure of the PSA cycle is subatmospheric. Exhauster 
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lOS is dien provided as a vacuum pump, as shown in FKj. 4B. Again, the vacuum pump may be 
multistage or split stream, ^itfa separate stages in series or in parallel, to accept countercurrent 
b]owdo>vn streams exiting their ^mpartments at woridng pressures greater dian the lower pressure 
which is the deepest x'acuum pressure. In FIG. 4B, the early countercuuent blowdown stream fiom 
5 compartment 114 is released at ambient pressure directly to heavy product delivery conduit 104. li^ 
for simplicity, a single stage vacuum pump were used, the coun^uirent blowdown stream fit>m 
compartment 1 1 5 is throttled down to the lower pressure over an orifice to join the stream from 
compartment 1 16 at the inlet of the vacuum pump. 

If the feed gas is provided at an elevated pressure at least equal to the higher pressure of the 

1 0 PSA cycle, as may conveniently be the case of a hydrogen PSA operating with e.g. methanol 

refomiate feed, compressor 101 would be eliminated. To reduce energy losses from iixeversible 
throttling over orifices to supply feed pressurization compartments e.g. 11 1 , the number of feed 
pressurization stages may be reduced, sot that adsorber rq>ressurization is largely achieved by product 
pressurization, by backfill from light reflux steps. Alternatively, compressor 101 may be replaced in 

15 part by an expander whidi expands feed gas to a feed pressurization compartmoit, e^. 1 1 1, from the 
feed supply pressure of the higher pressure to the intennediate pressure of that compartment, so as to 
recover energy for driving a vacuum pump 103, whidi reduces the pressure below ambient 
pressure so as to enhance the PSA process peifoimance. 

FIGS. 5A and 5B show the second «tator valve fece, at section 16-17 of FIG. 1. Open ports 

20 of the valve face are second valve function ports communicating directly to a light product delivery 
compartment 121; a number of light reflux exit compartments 122, 123, 124 and 125; and Ac same 
nimiber of light reflux return compartments 126, 127, 12€ and 129 within the second stator. The 
second valve function ports are in the aamular ring defined by circumferential seals 131 and 132. 
Each pair of light reflux exit and return compartments provides a stage of light reflux pressure 

25 letdown, respectively for the PSA process functions of supply to backfill, full or partial pressure 
equalization, and cocurrent blowdown to purfe^* 

Illustrating the option of light reflux pressure letdown with energy recoveiy, a split stream 
light reflux expander 140 is shown in FIGS. I and 5A to proxide pressure let-down of four light reflux 
stages with energy recovery. Light reflux expand©" 140 provides pressure let-down for each of four 

30 light reflux stages, respectively between light reflux exit and return compartm«its 122 and 129, 123 
and 128, 124 and 127, and 125 and 126 as illustrated. The light reflux expander 140 may power a 
light product booster compressor 145 by drive shaft 146, wiach delivers the oxygen enriched light 
product to oxygen delivery conduit 147 compressed to a delivery pressure above the higher pressure 
of Ae PSA cycle. 

35 Since the light reflux and light product have approximately the same purity, expander 140 

and light product compressor 145 may be hermetically enclosed in a single housing, whidi may be 
conveniently integrated with tiie second stator as shown in FIG. 1 . This configuration of a 
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"turbocompressor" li^t product booster wi&out a separate ifaive motor is advantageous, as a useful 
pressure boost of the light product can be adiieved wifliout an external motor and coiresponding shaft 
seals, and can also be very conq)act designed to operate at very htgib shaft speeds. 

flG. 5B shows &e simpler alternative of using a throttle orifice 150 as;Ae pressure letdown 

5 means for each of&e light reflux stages. 

Turning bade to TKj, 1 , compressed feed gas is supplied to con^artment 1 1 3 as indicated by 
arrow 12S, while heavy product is exhausted from compaitment 117 as indicated by arrow 126. The 
rotor is supported by bearing 1^ with sh^ seal 161 on rotor ^vc shaft 162 in the first st^or 8, 
which is integrally assembled with the first and second valve stators. The adsorber rotor is driven by 

10 motor 163 as rotor drive means. 

As leakage across outer circumfmntial seal 131 on the second valve face 11 may 
compromise light product purity, ;^nd more importantly may allow in^ess of humidity into die second 
ends of the adsorbers y/h\dti could deactivate the nitrog^i-selecti ve or CO-selective adsorbent, a 
bufierseal 1 70 may be included to provide mm positive sealing of buffer chamber 171 li^^ . 

IS seals 131 and 171. £ven thou^ die working pressure in some zones of die second valve &ce may^ 
subatmospheric <in die case that a vacuum pun^ is used ^ exhauster 103), bu3b' <^amber is 'ffled 
with dry light product gas at a buffer pressure positivdy above ambirat pressure. Hence, minor 
leakage of H^t product outward may take place, but humid feed gas may not leak into die buffer 
chamber. In order to furtfa^ minimize leakage and to reduce seal fictional torque, buBer seal 171 

20 seals on a sealing face 1 72 at a much waller diameter than die diameter of circumfoential seal 131. 
Buffer seal 170 seals between a rotor extension 175 of adsoiber rotor 4 and the sealing face 172 on 
the second valve stator 9, with rotor extension 175 enveloping the rear portion of second valve stator 
9 to fonn buffer chamber 171. A stator housing member 1^0 is pro\'ided as structural connection 
bet^'e«i first valve stator 8 and second valve stator 9. Direct porting of adsorbers to die stator fitce is 

25 an alternative to providing such seals and is described in commonly-owned, co-pendmg U.S. 

Provisional Application No. 60^01,723,'filed June 28, 2001, ioid incorporated herein by reference. 

In the following s^'stem figure of diis disclosure, simplified diagrams will represent a PSA 
apparatus or module. These highly simplified diagrams will indicate just a »ngle feed conduit 181 to, 
and a single heavy product conduit 1^2 fit>mj the first valve face 10: and the light product delivery 

30 conduit 147 and a single representative light reflux stage 184 widi pressure let-down means 

communicating to the second valve fece 1 1 . Ref«-ence numerals pertaining to PSA units as described 
above will be unprimed for an oxygen enrichment PSA or VPSA unit, and primed for a hydrogen 
purification PSA or VPSA unit Any t>'pe of gas separation device could be substituted for the PSA, 
including other types of adsorption modules or gas membnaie separation syst^ns, aldiough rotary 

35 PSA systems currendy are deemed preferred systems. The disclosed s}'stems and processes also 
could be used widi fiiel cell types odier dian PEM fuel cells. 
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FIG. S shows a fuel cell power plant 200 comprising a fiid cell 202, a steam refonning fuel 
processor 204, a hydrogen purification PSA system 205, and an oxygen ^nrichmoit VPSA syston 
206. 5uel cell 202 comprises an anode diannel 208 including an anode gas ixdet 210 and an anode 
5 gas outlet 212, a cathode channel 214 including a cathode gas inlet 216 and a cathode gas outlet 218, 
and a PEM electrolyte membrane 220. Membrane 220 cooperates with the anode channel 208 and the 
cathode channel 214 to facilitate ion exchange between the anode channel 208 and the ca&ode 
dumnel2]4. 

The oxygen VPSA system 206 extracts ox>^en gas from feed air, and typically <5omprises a 

10 PSA rotary module 1 and a compressor 101 for delivering pressurized feed air to ^ feed 

compartments of ^e rotary modide 1 . The oxygen WSA system 206 includes a vacuum pump 1 03 
coupled to the compressor 101 for withdrawing nitrogen enridied:^ as heavy product ;gas #-can Hie 
hlowdown and exhaust compartments of the rotary module 1, and ^scharging ^e nitrogen enriched 
gas from conduit 225. The adsorbm 3 of rotary module 1 have a 'first zone 26 loaded with a suitable 

15 desiccant such as aluminargelibr substantially removing water vi^r, and a second zrnie 27 loaded 
wi& a zeolite, generally nitrogcn-sdective zeolite. Dry oxy^onrichediur asthe li^t product^gas 
of VPSA module 1 is delivered hy conduit 147 to water managOTicntohamber 230 for humidification, 
and thence by conduit 231 to cathode inlet 216. A portion of the oxygen reacts with hydrogen ions 
when electric current is generated, to fonn water in the cathode. The cathode exhaust ,gas now 

20 containing a reduced amount of oxygen<but still typically oxygen-enriched well above ambient air 
composition) is withdrawn from cathode exit 21 8 by conduit 232. A portion of die cathode exhaust 
g^ is removed from conduit 232 by conduit 233 and How control valve 234, and may ei&er be 
vented to atmosphere for purging nitrogen and ar^on accumulations, or else returned to Ihe frrst valve 
ftce 10 of PSA module 1 as a feed pressurizationstream at an intermediate pressure below the higher 

25 pressure of the PSA cycle. The remainkig ca&ode exhausttgas is^upplied to suction port 240 of an 
ejector 242, which serves as cathode gas recirculation means. Sjector 242 receives enridied oxygen 
from conduit 1 47 through nozde 244, which drives recirculation of cathode exhaust gas from suction 
port 240, mixes the enriched oxygen and recirculating ca&ode exhaust ^ before pressure recovery 
in diffuser 246 and delivers the combined oxygen enriched gas stream to water management chamber 

30 230 where excess water is condensed. The excess water is eiAer exhausted diroii^b valve 250, or else 
is delivered as water reactant to fuel processor 204 by watw pump 252 through conduit 254. 

A hydrocarbon fuel, supplied to fee fuel processor 204 by a feed pump or compressor 260, is 
combined with i^'ater from conduit 254, and is vaporized and prebe^ed in heat exchanger 2B2. The 
preheated stream of fuel and steam is dien admitted to steam reforming catalytic chamber 264, whidi 

35 is heated by burner 266 whose flue gas heats the heat exchanger 262. In the example that the fod is 
methane, the following steam refonning reactions tskt place: 
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CH4 + H20-»CO + 3H2 
CH4+2H20-*G02 + 4Ha 
The resulting refonnate or "s>n^a8" <dry compositioa approximately 70% H2 roi^ily 
equal amounts of GO and OQ2 as msyor impurities, and unreacted C3i4 and K2 as minor impurities) is 
5 cooled to about 250*C, and ^en passed to &e water gas shiA reaction zone 268 for reacting roost of 
1he<X) witti steam to fn'oduce more H3 and<X>2: 

CO + H20-»C02 + H2 
Hie hydrogen rich refoimate stOI contains about 1 % to 2% CO afier water ^as shift, along 

10 with substantial amounts of carbon dioxide and water vapor. For high p«-formancc and longevity of a 
PEM fuel cell, it GO concentration should be reduced well below 100 ppm and pref«*ably bdow 10 
ppm. Consequently, the impure reformate is admitted by conduit 270 to &e higher pressure feed port " 
of hydrogen PSA unit 205, including rotary PSA modide 1*. Adsorbers 3* of rotary module 1' have a 
first zone 26Moaded with a suitabledesiccant, such as aluminadgel, for substantial remo^^ of water 

15 vapor, a second zone 2T loaded wilii an adsorbratsdectiveforCOfemoval, and at least partial buBc 
removal of C02, and a^ird zone 28' loaded with an adsoibent suitableibr luitber removal of GO and 
at least partial removal of other impurities, such as N2. There can 4>e niunerous conAinaticms and 
variations of suitable adsorbents for die three zones of &e hydrogen PSA adsorbm, as already recited 
above. These zones may discrete, may have diffused boundaries, or in some onbodiments the 

20 materi^s selected for each zone may be homogeniously moved. 

Purified hydrogen li^t product ^-om Ae hydrogen PSA module 1 * is delivered by conduit 
147' to an ejector 242* which is a recirculation means ^or partial recirculation of hydrogen rich anode 
gas through fuel cell anode channel 208. The hydrog^ rich^as from ejector 242* is deliv^«d to 
anode inlet 2 10, passed througlh anode channel 208, and then -exhausted from anode exit 2 12 in part 

25 bacSc to the suction inlet of ejector 242*. Recirculation cf ^ode ^gas through the -ej ector 242' is 

optional, so tiiis ejector may 4)e omitted. The remainmg portion of die anode ^chaustgas (or of it 
in &e case that ejector 242* is omitted) is conveyed by conduit 2B0 back to a feed pressurizationport 
in tiie first valve surface 10* of hydrogen PSA module l\ so as to retain hydrogen within the s>'stem 
while using the hydrogen PSA unit to reject impurities from the anode ^s loop. A larger frttction of 

30 anode gas is recycled in this maimer back to the PSA unit when adsorbent and PSA process 

combinations are selected that remove CO almost completely while allowing some passage of o&er 
impurities such as N2 and perhaps some CO2. Conversely, only a small amount of anode exhaust gas 
is recycled back to the PSA to prevent inadvertent impurity accumulations, when the adsorbents and 
PSA cycle are designed to achieve high purity hydrogen with nearly compete removal of CO and 

35 other impurities as well. 

Exhaust second product gas trom the hydrogen PSA module V is exhausted from v^ve &oe 
10' by conduit 285 to burner 266. 
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it wfll be understood by Aose of ordinaiy skill in tibe art &at the hydrogen PSA unit of ibis 
invention, wift the above specified combinations and variations of adsoibehts in Ac sequential zones 
of the adsorbers, may be applied in conjunction with alternative fuel processors, including partial 
oxidation or autothermal reactors for processing of heavy as well as l^ht hydrocarbon iuds to 
5 generate hydrogen rich reformate, from which €0 and other impurities must be renioved. 

FTfiS 7>9 

FIGS. 7-9 show a fuel cell power plant 200 tiiat includes a fuel cell 202, a steam reforming 
fuel processor 204, a hydrogen purification PSA system 205, and an oxygen enrichment PSA or 

10 VPSA system 206. Fuel cell 202 comprises an anode channel 208 including an anode gas irdet 210 
and an anode gas outlet 212, a cathode channel 214 including a cathode gas inlet 216 and a cathode 
gas outlet 21 S, and a P£M electro!^ membrane 220, Membrane 220 cooperates widi die anode 
diannel 208 smd ihe ca^ode channel 2 14 to facilitate ion exchange between the anode channel 208 
and die cadiode^hannel 214. 

15 The oxygen PSA or VPSA s^'stem 206 extracts oxygengas from feed air, and compdses a 

PSA module 1, typically a rotary module 1, smd aeompressor 101 for delivoii^ pressurized ^sed air 
to the feed compartments of the rotary module 1. Nitrogen enriched ^as as heavy product gas from 
the blowdown and exhaust compartments of the rotary module 1 is withdrawn by conduit 1^2, either 
for discharge directly by atmosphere as in FIG. 7 or to a x'acuum pump 103 for discharge as in FIG. 8. 

20 Hie adsorbers 3 of rotary module 1 have a first zone 26 loaded widi a suitable desiccant, sudi «5 
alumina ^el, for substantial removal of water vapor, and a second zone 27 loaded widi a nitrogen- 
selective zeolite. Dry oxygen enriched air as &e light product gas of VPSA module 1 is delivered by 
conduit 147 to humidification chamber 230 and Ihence by conduit -231 to cathode inlet 216. A 
portion of the oxygen reacts with hydrogen ions ^en electric current is generated, to form wa^r in 

25 the ca&ode. The cathode exhaust gas now containing a reduced amount of oxygen (but still typically 
ox}^en-enriched well above ambient air composition) plus w^ is withdrawn from cadiode exit 218 
by conduit 232 to separator 233. 

In FIGS. 7 and 8, a portion of the humid cathode exhaust gas (or water condensate) is 
removed from separator 233 by conduit 234, which transfers water and any recycle oxygen back to 

30 humidification chamber 230 for recirculation through cathode channel 214. Any ox)'gen recirculation 
through conduit 234 must be driven by appropriate recirculation pressure boost means, such as a 
blower or an ejector. 

If fuel processor 204 in FIGS. 7 and 8 is a partial oxidation or autoth^mal refonner, the 
remaining oxygen (plus any accumulated argon and nitrogen) and the fuel cell product water are 
35 delivered from separator 233 by conduit 235 to Ae fuel processor 204. This deliveiy of cathode 
exhaust to the reformer provides enriched oxygen to assist the partial oxidation or autotfaemia] 
reforming process, togedi^ with water product of the fuel cell as vdpot and condensate, and also 
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carries some fuel cell waste heat to assist in cooling the fuel cell stadc while preheating xeactants to 
fbt reformer. If fuel processor 204 in FIGS. 7 and 8 is a steam leforming reactor, fte fuel cell product 
water condensate is delivered from sq)arator 233 by conduit 235 to the fuel pn>cessor 204. -In ^at 
ev^ accumulations of argon and nitrogen in the caftode diannel 214 can be recycled from separator 
5 233 back to the oxygen PSA unit 1 as shown in FIG. 9 by conduit 236 to the first valve &ce 14) of 

PSA module 1 as a feed pressurization stream at an intennediate pressure below the higher pressure of 
the PSA cycle, or else purged to atmosphere. 

A hydrocarbon fuel is supplied to the fuel processor 204 by a feed pump or compressor 260, 
combined with water from conduit 235, and vaporized and preheated in heat exchanger 262. The 
10 preheated stream of fuel and steam is then admitted to refonning catalytic chamber 264. In the 
example that the fuel is methane, the following steam refonning reactions take place, 

CH4 + H20-»CX) + 3H2 
CH4 + 2H20-»C02 + 4H2 
in addition to partial combustion in the case of an autothermal r^foimen 

15 

CH4+I/2Q2-»00 + 2Ha 

The resulting rcformate or "syngas" {dry composition approximately 70% Ha with roughly 
equal amounts of GO and CO2 as major impurities, and imreacted €114 and minor impurities) is 
cooled to about 250^0, and then passed to the water gas shift reaction zone 268 for reacting most of 
20 the CO witij steam to produce more H2 andXX)2: 

CO + HaO-^CQa + Ha 
The hydrogen rich refoimate still contains about 1 % to 2%00 after water gas shift, aloQg 
with substantial amounts of carbon dioxide and water vapor. For high performance and longevity of a 

25 PEM fuel cell, it CO concentration should be reduced well below 100 ppm and preferably below 10 
ppm. Consequently, the impure refonnate is admitted by conduit 270 to the hi^er pressure feed port 
of hydrogen PSA mut 205, including rotary PSA module V. As described above, the adsorbers 3* of 
rotary module 1 ' have a first zone 26' loaded with a suitable desiccant, such as alumina gel, for 
substantial removal of A^'ater vapor, a second zone 27' loaded with an adsorbent selective forCO 

30 removal, and at least partial bulk removal of OO2, and a third zone 28' loaded v^ath an adsorbem 

suitable for further removal of residual CO and at least partial r€mo\'al of other impurities, such as N2. 

Purified hydrogen light product torn the hydrogen PSA module 1' is delivered by conduit 
147' to anode inlet 210, passed through anode channd 208, and tii^ exhausted fi^ro anode exit 217 
back to a feed pressurisation compartment in the first valve surface 10' of hydrogen PSA modide V, 

35 This system retains hydrogen wi^ the fuel cell anode loop, including conduits 14T and 280, and 
anode channel 208, while using the hydrogen PSA unit T to reject impurities that otherwise would 
accumulate on the anode 208. 
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Exhaust second product gas from the hydrogen PSA modide 1 ' contains water vq>or, €Q2, 
and combustible values including fl2,<X) and any unreacted fuel from the reformer. This^gas is 
exhausted from valve &ce 10' by conduit 2B5 4o low pressure burner 290, wb^e this fuel is oxidized 
completely, possibly over a suitable catalyst to ensure stable combustion of Ms low BTU gas and to 
5 suppress NOx formation. Biuner 290 delivers hot products of combustion to heat exchange channel 
292, which is in countercurrent tfiermal contact for heat recovery to reformer reactor zone 264 and 
prebeater zone 262. After cooling in channel 292 and furdier cooling in heat exchanger 296, ihc flue 
gas from burner 290 is discharged to atmosphere by exhaust conduit 294. 

The hydrogen PSA module purifies the hydrogen so as to remove essentially all 

1 0 contaminants deleterious to the fuel cell anode, including unreacted fiiel components sudi as 

methanol, as well as incompletely reacted liiel components such as €0, and also other contaminants 
such as hydrogen sulphide and halogens that might originate mih fuels sudi as landfill fas. The 
heating value of all such fuel byproduct in^urities in the hydrogen is recovered by combustion of the 
PSA tail gas, to heat the fijel processor and/or an auxiliary dimaal engine cycle powering auxiliary 

1 5 ^compression loads and possibly other medianical loads. As me&anol is harmful to I^M fuel ^Us, 
prior art methanol refonners for P£M fuel cells have been des^ied to achieve very high -conversion 
to minimize methanol slip into ^e hydrogen-rich refonnate gas, hence requiring a laige catalyst 
inventory in a correspondingly large reactor vessel The presently disclosed processes and systems 
allow methanol refonners to operate with relatively ^eater slip of methanol into the reformale gas 

20 (syngas), as that gas will be purified by the hydrogen PSA module to remove the methanol impurity 
from the hydrogen and dehver it to the hydrogen PSA tail gas for recovery of its heating value by 
useful combustion. Hence, a methanol reformer can advantageously be designed to operate at less 
high necessary conversion of methanol, thus reducing the required methanol r^orming catalyst 
inventory and reactor vessel size. 

25 Fuel processor 204 is also thermally integrated ^^ith a high pressure burner 300, to which a 

portioifbi the fuel irom fuel pump 260 may be introduced by conduit 301. Compressed air is 
supplied to burner 300 from feed compressor 101 through conduit 302, heat exchanger 296<for 
recuperative heat exchange from exhaust flue gas) and heat exchange -channel 304, which is in 
countercurrent Aermal contact for heat recovery from water gas shift reaction zone 268 and reformer 

30 reactor zone 264 if the reforming reaction includes partial oxidation for netexo^iermicity. Hot 

products of combustion {including nitrogen and unreacted oxygen] from combustion chamber 300 are 
conveyed by conduit 3 1 0 to expand©* turbine 3 1 5, coupled by shafi 3 1 6 to compressor 101 . The 
combination of compressor 101 and expander 315 are shown as a tret rotor tuibocompressor 320, 
similar to an automotive turbocharger. Alternatively a drive motor or a generator may be cou]^ed to 

35 shaft 316, for starting, power assist, or net energy deliveiy. In FKjS. 7 and S, a blower 330 driven by 
motor 332 is provided to boost the inlet pressure to compressor 101, if desir^ to assist die 
compression of feed air in normal operation, but typically only as a starting device to initiate rotation 
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of tuibocoiq;>ressoT 320, in wfaicfa case bypass valve 334 is opened during normal operation after 
starting. 

Hieistill hot gas ^sdiarged by^pander 315 is discharged by conduit 336 to low pressure 
bum^ 290, providing heat and oxygen to support catalytic combustion ihmin. Supplemental air or 
5 oxygen may be provided to low pressure burner 290 if required during starting or any phase of nonnal 
operation. 

While FIG, 7 sho\^'s an embodiment whose lower working pressure is atmospheric, FKj. 8 
shows an embodiment with ^'acuum applied to fee oxygoi and hydrogen PSA units to improve their 
peiformaiKJe, perhaps to enable a reduced woridng pressure of the fuel -cell. Of course, s^ar^ 

} 0 vacuum pumps could be provided for eadi of &e oxygen and hydrogen PSA units. Vacuum pump 
338 receives the second product exhaust gases at subatmosph^c pressure from both die oxygen PSA 
1 and die hydrogen PSA 1 ' by respectively <^nduit5 ]€2 and 1 82', and delivers the combined stream 
to the catalytic low pressure burner 290 byconduit 285. Vacuumpump 338 is provided«s a 
turbocompressor 340 with expander 345 driving punq> 338 Ifarougji^aft 346. Expander 34S is 

15 arranged in parallel or series with expandor 315 to expand hotgas delivered by conduit 310from hi^ 
|H-essure burner 300. 

The combustion turbine embodiments for powering auxiliary compression machinery have 
the important advantage of using readily available and low cost turbocharger equipment FIG. 9 
shows an alternative embodiment using a rotary internal combustion engine 400 to power die 

20 compressor 101 and optional vacuiun pump 103 of the oxygen PSA 206 by shaft coupling 405, vvrhile 
itself providing vacuum suction if desired for die hydrogen PSA 205. The enguie 400 may also power 
any odier compressors or vacuum pumps that may be provided for the hydrogen PSA 205 as well as 
any auxiliary devices such as an electric generator. £ngine'4O0 is fuelled, at least in part, by 
hydrogen PSA tail gas, and has a starter motor 410 (or supplemental power ou^m gaierator 410). 

25 Engine 400 may be any typt of combustion engine such as an internal combustion engme or 

a combustion-enhanced turbocharger, but is here shown as a ^'aidcel engine. Woridng diambers 412^ 
are defined between rotor 414 and casing 415. The rotor is coupled to drive shaft 405 by internal 
gear 4 1 6. An intake port 42 1 , exhaust port 422 and spark plugs 423 are pro\idcd in casing 415. A 
water cooling jacket 425 is provided. The ei^ne has an air filter 426 delivering air to carburetor 427, 

30 and to intake port 42 1 . Hie carburetor mixes the air with hydrog^ PSA exhaust gas delivered by 
exhaust conduit 1 82' to carburetor 427. 

FIG. 9 shows details of an illustrative water management s>'stem. Product water of &el cell 
202 is captured in separator 233 diat includes a cooling coil 430, and is ddiv^ed to liquid water 
manifold 432. A portion of the water may be delivered from manifold 432 to pump 435, and dsence 

35 by flow control 436 to die oxygen humidification chamber 230 and by flow control 437 to engine 
cooling jacket 425. Hot ^^ater from the engine coolii^ jacket is Hash evaporated and delivered 
throu^ dq>ressurization orifice 485 and conduit 486 to methanol refomung reactor catalyst zone 
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264, yAd(^ in turn is in heat exchange contact with the engine exhaust in channel 440. Engine 
exhaust is delivered fix>m exhaust port 422 via. cpnduh 442 to channel 440 for exhaust heat recovery 
to the oidoihennic methanol vapor phase refonning reaction in reactor zone 264, and then tfarougji 
emission control after-treatment catalyst 443 and exhaust pipe 444 to atmosphere. 
5 Reformate hydrogen is delivered from reactor zone 264 by conduit 450 to feed bydrc^en 

PSA unit 205. A portion of the refomiate may be diverted to carburetor 427 from conduit 450 by 
flow control 452 as supplemental fuel for engine 4O0. 

A portion of the water condensate from separator 233 may be deliv«-ed via conduit 434 by 
pump 460 to liquid ftiel mixing chamber 465, which also receives liquid methanol fuel delivered by 

10 fuel pump 260. The flow rates of pumps 260 and 460 are adjusted to achieve a desired concentration 
ratio of the water/melhano] mixture exiting the mixing chamber 465 by conduit 466 delivering this 
mixture as fuel cell stackxoolant circulated.throuigh cooling passage 46S through Ae fuel eel] stadc " 
202. The coolant pressure is maintained high enou^ to maintain it in the liquid phase within the 
cooling passage. The methanol present in the mixture may provide useful antifreeze properties to the 

1 5 coolant mixture. A portion of the water/roethanol mixture coolant inciting cooling passage 468 is fia^ 
ev£q;>orated in separator 474 by depressurization valve 475 to approximately die working pressure of 
reforming reactor zone 264, and the resuhing vapor mixture is ddiv^ed by conduit 480 to fte 
reforming reactor catalytic zone 264. The balance of tiie water/methanol mixture coolant is 
repressurized and recirculated by pump 470 through cooling radiator 47 1 to reject fuel cell stack heat 

20 that has not been recovered to vaporize the water and meAanol reactants. AHematively, a 

water/methanol mixture could be delivered to Ae engine cooling jacket 425, vaporized, and tiien 
delivered to a reforming rea<^r. 

If desired, tiie recovered water from the fuel cell coM be delivered to only the cooling 
passage 468 or engine cooling jacket 425. Alternatively, water from an outside source could be 

25 delivmd to cooling passage 468 and mixed with hydrocarbon fuel or water from an outside source 
could be delivered to &e ^gine cooling jacket 425. 

Ahematively, the embodiment of FIG. 9 may be adapted so that steam refoiming of 
methanol vapor is conducted in the hydrogen PSA unit 205. The methanol reforming reaction zone-as 
described above may be removed from channel 264 to the second zone 27' of the hydrogen PSA unit 

30 205. Chaimel 264 being heated by engine exhaust in channel 440 is used only to preheat the reactant 
mixture of methanol vapor and steam. In the hydrogen PSA unit 205, first zone 26' contains an 
adsorbent selective for carbon dioxide in d)e presence of steam and methanol vapor, e.g. promoted 
hydrotalcite at a working temperature of the first zone at about 300^ to 450^C. Second zone 27* 
contains lhc methanol reforming catalyst, e.g. Cu-ZnO, which is also active for water gas shift, at a 

35 working tempmture of about 1 50** to 300''C. The ^rd zone 28' contains an adsorbrat selective for 
steam and methanol vapor, e.g. alumina, 1 3X or a hydrophobic zeolite such as Y zeolite or silicalite, 
at a working temperature of about 150*^ to 80^C . A hydrophobic adsorbent can be more selective for 
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methanol v^or tiian water vaopour, ifaus ensuring that a sufiGciently high steam/methanol ratio is 
maintained throughout the reaction zone, and also perhs^s allov^ing some slip of water to humidify 
the hydros product 

Accordingly, essentially 1 00% conversion and selectivity (equivalent to substantially 
5 conq}]ete removal of CO) are achieved in the reaction of steam medianol reforming: 



CH3OH + H2O CO2 + 3H2 
The systems shown in FIGS. 6-9 are only examples and other systems witfi difference 
arrangements of devices and <x)nduits, or with additional or fewer devices and conduits could also be 
10 used. 
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30 



WE CLAIM: 



1 . A process for providing aliydrogen-containing gas sfiream to at least one Aiel^ell 
anode, comprising: 

5 providing a hydrogen-containing feed gas stream Ibat includes at least one contaminant 

introducing the hydrogen-containing feed gas stream into an adsorption module havii^ at 
least a first adsorbent and at least one second materia] selected from a second adsorbent, a steam 
reforming catalyst, and a water gas shift reaction catalyst, wherein the first adsorbent and tiie second 
adsorbent are cbemicaUy distinct and at least one of the first adsorbent or the second adsoitoit 
10 preferentially adsoibs the contaminant in^e hydrogen-containing feed gas stream U> produce a 
purified hydrogen-containing gas stream; and 

introducing &e purified hydrogen-containing gas stream to the fiiel cell anode. 

2. The process according to daim 2, wherein the contaminant is carbon monoxide «nd 
15 at least one of die first adsorbent or second adsorbent <:omprises acarbcm monoxide-selective 

adsorbent 

3. The process according to claim 2, wherein the carbon monoxide-selective adsorbent 
is selected fi-om Na-LSX, Ca-LSX, Li-LSX, Li-exchanged chabazite, Ca-exchanged chabazite, Sr- 

20 exchanged chabazite, a Cu(I)-containing material, a Ag(I)-containing material, or a mixture thereof. 

4. The process accordii^ toclaim 1, further comprising introducing the hydrogen- 
containing feed gas stream into the adsorption module at a temperature of about to about 200°C. 

25 5. The process according to claim 1 , furrier comprising at least one additional 

adsorbent 

6. The process according to claim 1, wherein the adsorption module comprises a 
rotary pressure swing adsorption module. 



7. The process according to claim 1, wherein the fuel cell comprises a polymer 
electrolyte membrane fuel cell. 



35 



8. The process according to claim 1 , further comprising providing a reforming or 
partial oxidation s>'stem that produces itit hydrogen-containing feed gas stream. 
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9. The process according to claim 2, wherein the carbon monoxide-selective adsorbent 
is selected from a Cu(I}-containing material, a Ag(I)-containing material, or a mixture ^eof. 

10. The process according to claim 1, wherein the first adsorbent prefer^tially adsorbs 
5 carbon dioxide conq^ared to water wzpar. 

1 1 . The process according to claim 1, wherein the first adsorbrat comprises an alkali- 
promoted material and at least one of the steam refonning catalyst and the water gas shifi reaction 
catalyst is presrat 

12. The process according to claim 1 1 , wherein the steam reforming catalyst is selected 
fi-om a medianol steam reforming catalyst or a metfiane steam reforming catalyst 

13. A process for providing a hydrogen-containing-gas stream to at least one fiieJ cell 
anode, comprising: 

providing a hydrogen-containing feed gas stream that includes at least a-first^ntaminant 
and at least a second contaminant 

preferentially separating at least a portion of the first contaminant fi-om the hy^ogen- 
containing feed rgas stream in a first separation zone; 

preferentially separating at least a portion of the second contaminant fi-om the hydrogen- 
containing feed gas stream in a second separation zone; and 

introducing ^e resulting purified hydrogen-containing gas stream to the fijel cell anode. 

14. The process according to claim 13, wherein flie first contaminant is water vapor and 
25 the second contaminant is at least one<:arbon oxide. 

15. The process according to claim 13, wherein &e preferential sq)aration of die first 
contaminant occurs prior to the preferential separation of the second contaminant 

30 1 6. The process according to claim 13, wherein the first s^aration zone comprises a 

first adsorbent bed and the second separation zone comprises a second adsoiption bed. 

17. The process according to daim 13, wherein the prelerential separation of the first 
and second contaminants occurs via adsoiptioa 

35 

1 8. The process according to claim 1 3, wherein tiie hydrogen-containing feed gas 
stream is produced by a refonning or partial oxidation system. 



15 



20 
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19. The process according to claim 13. A^erein &e &e] cell comprises a polymer 
electrolyte membrane fuel^ll. 

5 20. The process according to claim 13, fiirdier conq)rising preferentially separating at 

least one additional contaminant in at least one additional sq>aration zone. 

21 . The process according to claim 20, wh«ein >\'ater vapor is prefCTttitiaDy separated 
in the first separation zone, caiton dioxide is preferentially separated in the second separation zone, 

10 and carbon monoxide is separated in a third separation zone. 

22. The process according to claim 21 , wherein the first sq)aration zone conq)rises a 
deslccant, the second separation zone comprises a zeolite, and &e third separation zone comprises a 
zeolite. 

15 

23. The process according to claim 13, wherein fte ifirst or second contaninant 
comprises carbon monoxide and the process further comprises reacting the carbon monoxide widi 
water vapor in the first or second separation zones. 

20 24. A process for providing a hydrogen-containing gas stream to at least one iiiel cell 

anode, comprising: 

providing a hydrogen-containing feed^ stream that includes at least a first contaminant 
and at least a second contaminant; 

contacting the hydrogen-containing feed-gas stream with at least a first adsorbent and at least 
25 a second adsorbs under conditions sufiQcient to separate at least a portion of the first contaminant 
and at least a portion of tiie second contaminant firom &e hydrogen-containing feed gas stream, «nd 

introducing die resulting purified hydrogen-containing gas stream to &e fuel cell mode. 

25 . A process for separating carbon monoxide fi'om a hydrogen-containing gas stream 
30 that is pro\nded to a! least one fuel cell anode, comprising: 

providing a hydrogen-containing feed gas stream Aat includes carbon monoxide; 
providing at least one rotary pressure swing adsorption module that includes at least one 
adsorbent selected from Ka-LSX, Ca-LSX Li*LSX, Li-exchanged chabazite, Ca-exchanged 
chabazite, Sr-exchanged diabazite, a-Cu(I)-containing material, a Ag(I)-containing material, or a 
35 mixture tib^eof; 
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introducing the hydrogen-containing feed gas stream into Ibe rotary pressui« swing module 
to s^arate at least a portion of the carbon monoxide from the hydrogen-containing feed gas stream; 
and 

introducing iSbe resulting purified hydrogen-containing gas stream into the fiiel^ell anode. 

5 

26. The process according to claim 25, wherein the adsorbent comprises aCu(I)* 
containing material, a Ag(I)-containing material, or a mixture tfaereo£ 

27. A process for ]N-oviding a hydrogen-containing^ stream to at least one fuel cell 
10 anode, comprising: 

providing a hydrogen-containing .gas stream that includes carbon monoxide; 

introducing the hydrogen-containing gas stream into a pressure swing adsorption module &at 
includes at least one carbon monoxide-selective adsoibent to produce'a purified 4iydrogen-containing 
gas stream; and 

1 5 introducing the purified hydrogen-containing ^s stream to ihe £ie] cell anode; 

28. A process according to claim 27, wherein &e caibon monoxide-sdective adscNrbeot 
comprises a<}u(I)-containing material, a Ai(I)-containing msttmal, or a mixture thereof. 

20 -29. A process for providing a hydrogen-containing gas stream to at least one ^el -cell 

anode, comprising: 

providing an oxygen-enriched gas stream; 

pro\ading a mixture of die oxygen-enriched gas stream and a fuel in an auto^iemial 
reforming or partial oxidation reactor to produce a hydrogen-containing gas stream fhat includes at 
25 least one carbon oxide contaminant; 

' separating at leasVa portion of the carbon oxide contaminant from ihe hydrogen-containing 
gas stream; and 

introducing the resulting purified hydrogen-containing gas stream into the fuel cell anode. 

30 30. The process according to claim 29, further con^rising providii^ a pressure -swing 

adsorption module for producing the oxygen-enriched gas stream. 

31. An electrical current generating sj'stem comprising: 
a hydrogen-containing gas source; 
35 at least one adsorption module that can at least partially purify the hydrc^en-containing gas, 

wherein &e adsorption modide includes at least a first adsorbent and at least one second material 
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selected from a second adsorbent, a steam reforming catalyst, and a water gas shift reaction catalyst, 
ihe first adsorbent and tbe second adsorbent being diemically distinct; and 

at least one fuel cell defining an anode inlet ibat can receive the purified hydrogen- 
containing gas stream fi-om tiie adsorption module. 

5 

32. The s}'stem according to daim 3 1 , wher^ &e hydrogen-containing gas source 
comprises a'reformer or parda] oddation reactor. 

33. The sx'stem according to claim 31, wherein the adsorption module comprises a 
1 0 rotary pressure swing adsojption module. 

34. The system according to claim 3 T , u4ierein the first adsorbent is disposed in a first 
zone and &e second material is disposed in a^second zone. 

15 35. The system according to claim 34, wherein the first zone and the second zone are 

disposed adjacently along a hydrogen-containing gas fiowpaA defined in the adsorption module. 

36. The system according to claim 3 1 , fiirther comprising an anode recirculation 
conduit fluidly communicating between a fuel cell anode outlet and an inlet defined in the adsorption 

20 module. 

37. The s^'stem according to claim 3 1 , wherein at least one of the first adsorbent or 
second adsorbent comprises a CBibon monoxide-selective adsorbrat. 

25 3S. The s>'stem accordmg to claun 37, whmin the carbon monoxide-selective 

- adsorbent is selected from Na-LSX, A^-LSX, Li-LSX, Li-exchanged chabazite, €a-exdianged 
chabazite, Sr-exchanged chabazite, a Cu(I)-containing material, a Ag(I)-containing material or a 
mixture thereof 

30 39. The system according to claim 3 1 , wh^^ein the steam reforming catal)'st or the 

water gas shift reaction catalyst is selected from aCu-ZnO catalyst, a transition metal carbonyl 
complex catalyst, or a catalyst comprising a transition group metal inserted into a zeolite cage. 



35 



40. The system according to claim 34, further comprising at least one additional zone of 
at least one additional adsorbent 



wo 02/35623 



PCT/CAOl/01523 



36 

41 . The system according to claim 3 1, \vba-ein the first adsorbent preferentially adsori>8 
carbon dioxide compared to water vapor and at least one of the steam reforming catalyst or the water 
gas diift reaction catal>'st is present 

5 42. The system according to claim 41, herein the first adsorbent comprises an alkali* 

promoted matoial. 

43. The s}'stem according to claim 31, wherein the carbon monoxide-selective 
adsorbent is seleaed fi-om a Cu(I)-containing material, a Ag(I)-containing material, or a mixture 
10 thereof 

45. The system according to daim 40, wherein the first adsorbrat oomprises a 
desiccant, die second adsorbent comprises a zeolite, and the additional adsorb^t comprises a zeolite. 

15 46. The s>'stem according to claim 31, wherein at least one of die ^rst adsorbent or 

second adsorbent comprises a zeolite, an activated charcoal, or aCti(I)-containing material. 

47. The system according to olaim 32, ^wein die reformer or partial oxidation reactor 
comprises a first burner and a second burner. 

.20 

48. The system according to claim 47, who^ein the first burner receives an exhaust-gas 
fi-om the adsorption module and the second burner receives a hydrocarbon fiiel. 

49. An electrical current generating system comprising: 
a hydrogen-containinggas source; 

St least one pressure s^ing adsorption module fluidly coupled to the hydrogen-containmg 
gas source, the pressure ^wing adsorption module including at least one carbon monoxide-selective 
adsorbent; and 

at least one fuel cell anode fiuidly coupled to the pressure swing adsorption module. 

50. The sj'siem according to claim 49, ^^toein the carbon monoxide-selective 
adsorbent is selected from a Cu(l)-containing material, a Ag(I)-containing material, or a mixture 
diereo£ 



25 



30 



35 



51. A s>'stem for supplying hydrogen gas to a fuel cell anode, comprising: 
a hydrogen gas generatii^ s>'st£m dial includes an outlet for discharging a hydrogen* 
containing gas dial includes at least a first contaminant and a second contaminant; 
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a first contaminant separation zone that fluidly communicates wift the outkt of Ae hydrogen 
^generating system; 

at least one second contaminant s^aration zone ttiat fluidly conmiunicates with ibc 'first 
contaminant separation zone and includes an outlet &r discharging a piuified hydrogoi^gas; and 
5 at least one fuel cell anode tiiat fhiidly conummicates widi the outlet for the second 

contaminant separation zone. 

52. The s>'stem according to claim 5 1 , wherein the hydrogen gas generating syston 
comprises a reformer or partial oxidation reactor and at least one of the first contaminant or second 

10 contaminant comprises a carbon oxide. 

53. The s^'stem according to daim 51, wherein the first contaminant separation zone 
comprises a first adsorbent and &e second contaminant separation zone comprises a second 
adsorbrat 

15 

54. The s>'stem according to claim 33, wherein the first contaminant ^aration zone 
and the second contaminant separation zone are disposed wi&in a rotary pressure swing adsorption 
module. 

20 55. A system for supplying hydrogen ^as to a fuel cell anode, comprising: 

a hydrogen-containing gas source; 

at least one rotary pressure swing adsorption module that can at least partially purify the 
hydrogen-containing gas, wherein the rotary pressure suing adsoiption module includes at least one 
adsorbent selected fi*om Na-LSX, Ca-LSX, Li4^X, Lx-exchanged chabazite, Ca-exchanged 
25 chabazite, Sr-exchanged chabazite, a Cu(I)-containing mstoial, a Ag(I)-containing material, or a 
mixture thereof and 

at least one fiiel cell having an anode inlet &atcan receive the purified hydrogen-containing 
gas stream from the rotary pressure swing adsorption module. 

30 56. The s>'stem according to claim 55, herein the adsorbent is selected from a material 

^at includes a Cu(I)-containing material, a Ag(I)-containing material, or a mixture thereol 

57. An electrical current generating system comprising: 
at least one first pressure swing adsorption module having an outiet for discharging an 
35 oxygen-enriched gas stream; 

an autothermal reforming or partial oxidation reactor that can combust fiiel and tiie oxygen* 
enriched gas stream to produce a hydrogen-containing gas; 
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at least one second pressure swing adsorption module that can at least partially purify tiie 
hydrogen-containing gas; and 

at least one ibel cell having an anode inlet that <:an receive the purified hydrogen-containing 
gas from the second pressure s^ing adsoiption module. 

5 

58. A process for providing a hydrogen-containing gas stream and an oxygen-enriched 
gas stream to a fuel cell, comprising: 

providing at least one first pressure swing adsorption module that produces an oxygen- 
enriched gas stream, the first pressure swing adsorption module including at least one device selected 
10 fi-om a first compressor or first vacuum pun^; 

providing at least one second pressure swing adsorption module that produces a purified 
hydrogen gas stream and a separation exhaust ^as stream, the second pressure swing adsorption 
module including at least one device selected fi-om a second <x>mpressor or second vacuum pump; 

introducing the oxygen-enridied gas stream and the purified hydrogen gas stream into a fuel 

15 cell; and 

introducing the separation exhaust^ stream as a fuel into a combustion engine for driving 
at least one device selected fi-om ^e first compressor, first vacuum pump, second compressor, second 
vacuum pump, or an electric gmerator. 

20 59. The process according to claim 58, fiulher comprising mixing a portion of the 

purified hydrogen gas stream with the separation exhaust gas stream as a fiiel for the combustion 
engine. 

60. The process according to claim 58, wherein the fiiel cell produces a cathode exhaust 
25 gas stream that includes vrater and the process fiirther comprises cooling the combustion engine with 

the water from the cathode exhaust gas stream. 

61. The process according to claim 60, fiirther comprising vaporizing the coolant water 
from the combustion engine and introducing the resulting water vapor into a reformer that produces 

30 the hydrogen-containing gas feed stream. 

62. The process according to claim 58, wherein the combustion engine produces an 
engine exhaust gas stream and Ae process fiirther comprises heating a hydrogen gas generating 
system with &e engme exhaust gas stream. 

35 

63. The process according to claim 58, fimber comprising: 

mixing liquid water and a hydrocarbon fiiel stream resulting in a coolant mixture; 
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introducing Ac coolant mixture into a coolant jacket juxtaposed with the combustion engine; 

vaporizing the coolant mixture to fonn a steam/fuel vqxtr mixture; 

subjecting the steam/fuel vapor mixture to reaction conditions sufBcioit ^r geno^ating « 
hydrogen-containing gas strem; and 
5 introducing &e hydrogen-containing gas stream into die second pressure swing adsorption 

module. 



A process for providing a hydrogen-containing gas stream to a fuel cell; 

providing a fuel cell defining a coolant passage and an anode inlet for receiving a hydrogeu- 
10 containing gas strean^ 

mixing liquid water and a hydrocarbon fuel stream resulting in a coolant mixture; 

introducing the coolant mixture into the coolant passage of the fuel cell; 

vaporizing the coolant mixture to form a steam/fuel vapor mixture; 

subjecting the steam/fuel vapor mixture to reaction conditions sufiBcient^r^g^ieradng a 
15 hydrogen-containinggas stream: and 

introducing the hydrogen-containing^ su-cam into Ae liie] cell anode inlet 

65. The process according to claim 64, whmin the hydrocarbon fuel stream con:q)rises 
me&anol, ethanol, or a mixture tibereol 

20 

66. The process according to claim 64, wherein the vaporizing of Ae coolant mixture 
comprises flash evaporating of tiie coolant mixture. 

67. The process according to claim 64, further comprising purifying the hydrogen- 

25 containing gas stream prior to introducing the hydrogen-containing^gas stream into iht fuel cell anode 
inlet. 



68. The process according to claim 67» wherein the purification of &e hydrogen- 
containing igas stream occurs via pressure swing adsorption. 

30 

69. The process according to claim 64, wherein the steam/fuel vapor mixture is 
subjected to reforming or partial oxidation to gener^e the hydrogen-containing gas stream. 

70. The process according to claim 64, wherein the fuel cell further defines a cathode 
35 outlet for discharging a cathode exhaust gas stream &at includes cadiode water vapor, &e process 

further comprising condensing at least a portion of die cathode water vsgior, separating the resulting 
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liquid wxer stream from die cathode exhaust gas stream, and mixing die liquid water stream with iSb» 
hydrocarbon fuel stream. 

71. Anelectrical current generating system, comprising: 

5 at least one hydrogoi gas separation module that includes a first outlet for discharging a 

purified hydrogen gas and a second outlet for discharging a separation exhaust gas; 

at least one fuel cell defining an anode inlet diat fluidly communicates with the first outlet of 
the hydrogen gas sqsaration module; and 

a combustion engine defining a fiiel inlet diat fluidly communicates with the second outlet of 
10 die hydrogen gas s^aration module. 

72. llie system according to daim 7 1 , wherein the hydrogen gas separation module 
comprises a pressure swing adscnption module. 

15 73. The s>'stem according to elaim 72, wherein the hydrogen gas separation module 

• comprises a rotary pressure swing adsoiption module. 

74. The system according to claim 71, fimher comprising at least one first pressure 
swing adsorption module that includes an oudet for discharging an oxygen-enriched gas stream and at 

20 least one compressor or pump, wherein a shaft coupled to the combustion engine drives at least the 
compressor or pump. 

75. The s>'stem according to claim 7 1 , wherein die fuel cell further defines a cadiode 
outlet for discharging a cadiode exhaust ^gas stream diat includes w^er, die combustion engine furdier 

25 includes a cooling jacket, and die system fur&er comprises a conduit fluidly communicating between 
the fuel cell cathode butiet and the combustion engine cooling jacket 



76. The S}'stem according to claim 71, further comprising a hydrogen gas generating 
s^'stem diat fiuidly communicates >\idi die hydrogen gas sqiaration module, wherein the hydrogen gas 

30 generating system comprises a refonner or partial oxidation reactor and the combustion engine fiuther 
includes a cooling jacket that defines an outlet for a u'ater s^eam that fluidly commumcates with fbt 
refonner or partial oxidation reactor. 

77. The s^'stem according to claim 71, wb««in the fuel cell comprises a polymer 
35 electrolyte membrane fuel cell. 

78. An electrical current generating 5>'5tem, comprising: 
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8 fuel cell defining an anode inlet for receiving a hydrogen-containing gas stream, and a 
coolant passage havii^ a coolant inlet and a coolant outlet; 

a water source fluidly communicating the coolant inle^ 

a hydrocarbon fuel source fluidly communicating vdth the coolant inlet; 
5 a hydrogen gas generating module that includes an outlet for discharging a hydrogen* 

containing gas stream and a fuel inlet diat fluidly communicates wift ^e coolant oudet; and 

a first conduit fluidly communicating between &e hydrogen gas generating module outlet 
and the fuel cell anode inlet 

1 0 79. The system according to claim 78, wherein the hydrocarbon fuel comprises 

methanol, ethanol, or a mixture theFeo£ 

80. The system according to claim 78, fuTdier comprising a first pressure swing 
adsoiption module for purifying the hydrogen-containing gas stream prior to introduction of tfie 

15 hydrogen-containing^ stream into &e fuel cell anode inlet 

81 . The s>'stem according to claim 80, ^*herein the pressure swing adsorption module 
comprises a rotary pressure swing adsoiption module. 

20 82. The system according to claim 78, further comprising a pressure swing adsoiption 

module that includes an outlet for discharging an oxygen-enriched stream, and a third conduit fluidly 
communicating between the pressure swing adsorption module outlet and a fuel cell cathode inlet. 

83. The system according to claim 82, '^iiemn &e pressure swing adsorption module 
25 comprises a rotary pressure swing adsorption module. 

84. The s^'stem according to claim 62, wherein ^e first pressure swing adsorption 
module includes an outlet for discharging a purification exheustgas, and &e ^'stem furdier comprises 
a second pressure s>\dng adsoiption module &at includes a first oudet for discharging an oxygen- 

30 enriched stream and a second outlet for discharging an era-ichment exhaust ges, and a diird conduit 
fluidly communicating bet>^'een the purification exhaust gas outlet, the enrichment exhaust £as outlet, 
and at least one burner for the hydrogen gas generating module. 

85. The s\'stem according to claim 78, furtiier comprising a separator fluidly 

35 commimicating widi die first conduit for separating water fi-om die cadiode exhaust gas stream. 

86. The 5>'stem according to claim 78, wherein the fiiel cell further defines a cathode 
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outlet for discharging a cadiode exhaust gas stream, and the system fiaiher comprises a second 
conduit fluidly communicating between Hat foe] cdl caAode outlet and the coolant iideL 
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Fig. 6 
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